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Abstract 
Exfoliation fracturing is a worldwide observed and studied fracturing phenomenon in 
rock. However, the true cause of this type of fracturing remains still currently unidenti-
fied. While one of the most recent exfoliation fracturing observations occurred at Lån-
gören island in South-Western Finland, the aim of this thesis was to discover the reason 
for this local event by employing a fracture mechanics code FRACOD2D.  
 
As the fracturing occurred at the end of the exceptionally hot summer period, the thermal 
conditions were considered highly important for the analysis. The weather conditions 
were determined based on the historical data and in situ monitoring, which was per-
formed at the island. In addition, the stress field, topography and previous post-glacial 
conditions were estimated in order to account different exfoliation theories. As a result, 
three alternative theories, which were topography induced high stress, post-glacial pres-
sure release and summertime induced thermal expansion, were selected to be modelled. 
 
Exfoliation fractures were detected in all of the modelling cases, while the undulating con-
vex topography and high compressive stress state were applied. In this context, the topog-
raphy, which was the most capable of producing high tensile stresses was also the most 
appropriate regarding the development of exfoliation fractures. As the solely high in situ 
compression seems slightly unrealistic and the post-glacial conditions could not be in-
cluded in the present day fracturing, the thermal expansion was evaluated as the most 
probable cause of the Långören exfoliation events. The long-term thermal expansion was 
also discovered to induce additional stresses much deeper compared to short-term ther-
mal impact. Thus, the fractures very close to the rock surface could be generated by the 
expansion due to the sudden temperature peak while high average temperatures would 
be required for further fracture development. 
 
The results of this study indicate that very high stresses are necessary for the exfoliation 
fracturing. Actually several factors can affect behind high compression and the thermal 
expansion represents only one of them. This master’s thesis provided basis for the more 
profound exfoliation analyses with fracture mechanics approach. Consequently, for ex-
ample, time-dependent fracture growth, pre-existing fractures, viscoelasticity, direction-
dependent rock mass strength and improved accuracy can be employed in the future mod-
elling. 
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Tiivistelmä 
Eksfoliaatiorakoilu on maailmanlaajuisesti tunnettu kallioperän ilmiö, jonka todellista al-
kuperää ei ole kuitenkaan pystytty todistamaan tieteellisesti. Vaikka rakoilun yleinen syn-
tymekanismi onkin vielä nykyisin tuntematon, tämän diplomityö tavoitteena oli selvittää 
syy vuonna 2014 Långörenin saarella Koillis-Suomessa tapahtuneelle eksfoliaatiorakoi-
lulle käyttäen rakomekaanista mallinnusohjelmistoa FRACOD2D:ta. 
 
Raot syntyivät poikkeuksellisen kuuman kesäkauden päätteeksi, joten termiset olosuh-
teet määriteltiin olennaisiksi tekijöiksi tutkimuksen kannalta. Reunaehdot lämpötilojen 
osalta hankittiin käyttäen ilmatieteenlaitoksen tilastollista dataa ja in situ mittauksin sel-
vitettyjä kallion lämpötilajakaumia. Lisäksi jännitystila, topografia ja jääkauden jälkeiset 
olosuhteet määriteltiin karkeasti, jotta eksfoliaatiorakoilua oli mahdollista simuloida eri 
teorioihin perustuen. Työhön mallinnettavaksi valikoituivat teoriat topografian aiheutta-
masta korkeasta jännitystilasta, jääkauden jälkeisestä kuormanpoistumisesta ja kesäkau-
den aiheuttamasta lämpölaajenemisesta. 
 
Eksfoliaatiorakoja syntyi kaikissa eri teorioihin perustuvissa rakomekaanisissa malleissa, 
kun käytettiin kumpuilevaa kuperaa topografiaa ja suhteellisen korkeaa puristusjänni-
tystä. Eniten eksfoliaatiorakoilua synnyttänyt topografia oli se, jossa syntyi suurimpia ve-
tojännityksiä suhteessa mallinnettuun puristukseen. Toisaalta hyvin korkea tektoninen 
puristusjännitys vaikuttaa epärealistiselta eikä jääkauden jälkeisillä olosuhteilla kyetty 
selittämään nykyisin ilmenevää eksfoliaatiota. Täten kausittainen lämpölaajeneminen 
valikoitui kaikkein mahdollisimmaksi rakoilun alkuperäksi Långörenin saaren tapauk-
sessa. Pitkän aikavälin lämpölaajeneminen aiheutti mallinnuksissa lisäjännityksiä sel-
västi syvemmälle verrattuna lyhyen aikavälin lämpölaajenemiseen. Tästä syystä lyhytai-
kainen korkea lämpötila voisi synnyttää rakoja vain hyvin lähellä kalliopintaa, kun taas 
pitkän ajanjakson saatossa korkea keskilämpötila voisi aiheuttaa rakoja useiden metrien 
syvyyteen. 
 
Työssä esitettyjen tulosten mukaisesti tietynlainen topografia ja korkea puristusjännitys 
ovat välttämättömiä vaatimuksia eksfoliaatiorakojen synnylle. Korkea puristusjännitys 
saattaa kuitenkin lämpölaajenemisen ohella aiheutua useiden eri tekijöiden seurauksena. 
Työn tarjoamia reunaehtoja eksfoliaation synnylle voidaan toisaalta hyödyntää tulevissa 
tutkimuksissa. Lisäksi esimerkiksi aikariippuvaa raonkasvua, olemassa olevia rakoja, vis-
koelastisuutta ja suuntariippuvaa kalliomassan lujuutta voidaan huomioida tulevaisuu-
dessa yhä tarkemmissa analyyseissä.  
 
Avainsanat Eksfoliaatiorakoilu, Rakomekaniikka, Lämpölaajeneminen, Mallinnus, 
Fracod 
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Notations 
G [J/m2]  Strain energy release rate 
GC [J/m
2]  Critical strain energy release rate 
GI [J/m
2]  Strain energy release rate in mode I 
GII [J/m
2]  Strain energy release rate in mode II 
GIC [J/m
2]  Critical strain energy release rate in mode I 
GIIC [J/m
2]  Critical strain energy release rate in mode II. 
E [GPa]  Young’s modulus 
K [MPa√m]  Stress intensity factor 
KC [MPa√m]  Fracture toughness 
KIC [MPa√m]  Fracture toughness in mode I 
KIIC [MPa√m]  Fracture toughness in mode II 
SH [MPa]  Major horizontal stress component 
Sh [MPa]  Minor horizontal stress component 
Sv [MPa]  Vertical stress component 
U [J]  Energy 
W [J]  Work 
Yk   Dimensionless stress intensity factor  
a [mm]  Crack length 
bt [mm/mm°C]  Coefficient of thermal expansion 
c [MPa]  Cohesion 
cp [J kg
-1 K-1]  Specific heat capacity 
ct [W m
-1K-1]  Thermal conductivity 
g [m/s2]  Gravitational acceleration 
h [m]  Height 
ki [°]  Curvature 
kn [GPa/m]  Normal stiffness 
ks [GPa/m]  Shear stiffness 
v [m/s]  Velocity 
z [m]  Depth 
∆l [m]  Length 
∆t [s]  Time  
β [°]  Slope of the surface 
θ [°]  Direction 
ν   Poisson’s ratio 
ρ [kg/m3]  Density 
σ1,2,3 [MPa]  Main stress component 
σc [MPa]  Uniaxial compressive strength 
σcm [MPa]  Rock mass strength 
σH [MPa]  Horizontal principal stress component 
σij [MPa]  Stress component to ij direction 
σn [MPa]  Stress normal to the failure plane 
σS [MPa]  Shear stress 
σt [MPa]  Tensile strength 
σtensile [MPa]  Tensile stress 
σv [MPa]  Vertical principal stress component 
φ [°]  Friction angle  
ψ [°]  Dilatation angle 
ϕ   Normal traction gradient 
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Abbreviations 
2D  Two-dimensional 
3D  Three-dimensional 
AE   Acoustic emission 
BEM   Boundary Element Method 
DDM   Displacement Discontinuity Method 
FMI   Finnish Meteorological Institute 
GPR  Ground Penetrating Radar 
GTK  Geological survey of Finland 
Mode I  Tensile fracturing mode 
Mode II  Shear fracturing mode 
Mode III  Anti-plane shear fracturing mode 
SCG  Subcritical crack growth 
UCS  Uniaxial compressive strength 
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1 Introduction 
This chapter introduces the exfoliation fracturing phenomenon in rock. Furthermore, it 
presents the aim of this thesis together with employed methods and written structure.  
1.1 Exfoliation fracturing 
Rock mass is always composed of many different types of fractures and other geological 
structures. One specific type of rock discontinuity is exfoliation fracturing and it can be 
identified based on its anomalous features separating it from other cracking types.  
 
Exfoliation fractures (Figure 1), also called as sheeting joints, are large scale fractures, 
which usually generate parallel to the topographic surfaces (Harland 1957; Twidale 1973; 
Martel 2006) They can reach 200 meters lateral length and initiate in depths of 100 me-
ters. However, fracture curvature decreases and vertical distance between fractures in-
creases with depth. (Jahns 1943) Considering the previous features, the term exfoliation 
is appropriate for these fractures, as it refers to Latin word exfoliāre, which signifies sur-
face parallel peeling (Chapman and Greenfield 1949). 
 
 
Figure 1. Slightly curved exfoliation fractures at Yosemite national park in United States 
(Martel 2011). 
 
The generation of exfoliation fractures is not limited to any specific climate or territorial 
environment (Holzhausen 1989). On the other hand, it has been realized that exfoliation 
commonly develops in hard rocks such as granite, gneiss and massive sandstone, which 
possess high uniaxial compressive strength (Jahns 1943). Exfoliation fracturing is regu-
larly determined as a geologically young structure (Hencher et al. 2010), because exfoli-
ation often occurs parallel to the surface that is formed during the last few million years 
(Martel 2006) and the fractures cut across other older discontinuities (Twidale 1973). 
Moreover, exfoliation fracturing phenomena have been recorded recently at Twain Harte 
in United States and at Långören island in Finland.  
 
Exfoliation fracturing is strongly related to time-dependent rock behaviour, because, in 
addition to rapid fracture development, the generation of exfoliation fractures has been 
also observed to occur subcritically (i.e. progressively) (Bahat et al. 1999). Subcritical 
crack growth (SCG) is a state where a fracture grows with a slow but accelerating velocity 
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in stress state close but below the material ultimate strength. While this stable type of 
fracture propagation can be distinguished from the rapid and uncontrolled rock failures 
(Backers 2006), subcritical fracture propagation can eventually lead to rapid fracture de-
velopment (Rinne 2008). According to Wiederhorn et al. (1974), the transition between 
subcritical and spontaneous fracturing is determined by a velocity of 10-1 m/s (Bahat et 
al. 1999). As a result, exfoliation can develop slowly during long periods of time or along 
instantaneous failure.    
 
Although three hundred years of worldwide observations and research have been 
achieved regarding the origin of exfoliation joints, their true cause remains still unre-
vealed. Consequently, numerous theories exists, explaining the source of exfoliation phe-
nomenon. According to Twidale (1973), these theories can be divided into external and 
internal categories. The traditional external theories rely on temperature variations, chem-
ical weathering and pressure release. Internal explanations, on the other hand, rely on 
plutonic injection, metasomatic expansion, vertical uplift and lateral compression. 
(Twidale 1973) 
 
Currently, the external origin of exfoliation is often considered as more convenient than 
internal one (Twidale 1973). However, Martel (2006 and 2011) has accomplished to con-
struct a hypothesis on how high horizontal stresses tend to reorient and increase corre-
sponding tensile stresses due to convex topography conditions and produce exfoliation. 
Thus, theory of surface-parallel compression can be considered as one of the most prob-
able explanation for the rock exfoliation. 
 
In external category, the theories of temperature variations and chemical weathering are 
also widely criticized (i.e. Twidale 1973; Holzhausen 1989; Martel 2006). Therefore, the 
explanations of pressure release and surface-parallel compression are commonly regarded 
as the two most plausible causes of rock exfoliation. On the other hand, while the high 
compressive stress state is evidently associated with exfoliation fracturing, it is important 
to realize that for example temperature variations and chemical reactions can have a major 
impact on the fracture development due to their compression increasing effects (Twidale 
1973). 
 
The importance of exfoliation fracturing research exists because of the rock mechanical 
problems induced by these fractures. Exfoliation fractures can generate serious hazards. 
For instance, they reduce slope stability (Terzaghi 1962), and influence strongly to the 
erosion rate (Wakasa et al. 2006) and groundwater networks (Borchers 1996).  
1.2 Exfoliation at Långören island 
One of the most resent exfoliation fracturing recordings occurred in 2014 at Långören 
island in South-Western Finland. At the end of extremely hot summer period, the island 
bedrock crackled and new fractures appeared, finally generating evident exfoliation slabs 
(Figure 2).  
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Figure 2. Långören exfoliation fractures located very close to the rock surface. The photo 
is taken a few days after the event when the fractures had achieved full openness (photo 
by Aleksei Sarpaneva) 
 
The fracturing started with a cracking noise and shortly after, apparent fracture trails ap-
peared to the rock surface. The main event continued about two hours. However, the near 
surface slabs reached their full openness during the following days.   
 
While regarding the Långören fracturing phenomenon, the high temperature and solar 
radiation can be determined as probable triggering effects for the fracture propagation. 
The improved failure conditions at Långören are also achieved due to the nearby sea-
water, which might induce moist fracture environment leading to higher exfoliation frac-
turing velocities (Bahat et al. 1999). 
1.3 The thesis 
This master’s thesis examines exfoliation fracturing at Långören island through fracture 
mechanics modelling. The aim of the study was to construct a conceptual model explain-
ing what was the cause of the exfoliation events in 2014. The thesis does not concentrate 
on defining the true cause of the global rock exfoliation, but it only explores the reason 
of the local phenomenon.  
 
The analyses were conducted using FRACOD2D -software (FRActure propagation 
CODe) which enables fracture mechanics modelling of crack initiation and propagation 
in two-dimensional space. The FRACOD2D employs the DDM –method (Displacement 
Discontinuity Method) and fracture propagation is predicted according to the modified G-
criterion called F-criterion. (Shen et al. 2014) The software can also consider time de-
pendency, thermal and hydrological effects (Shen et al. 2014) and it has previously been 
used for exfoliation fracturing observations (Lanaro et al. 2007). 
 
The challenges in the research exist mainly due to the unknown origin of exfoliation frac-
tures. Thus, while constructing fracture mechanics models, certain assumptions and var-
ious theories must be employed in order to obtain overall information of the exfoliation 
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phenomenon at Långören island. The risk in the analysis is that some essential basis be-
hind exfoliation phenomenon was not considered and therefore, the results remain incom-
plete. Moreover, the simplifications that were required for the fracture mechanics model-
ling might have had a significant influence on the achieved results.  
 
In the thesis, chapter 2 introduces the theoretical basis behind modern fracture mechanics. 
Furthermore, it presents the exfoliation fracturing theories, which are currently regarded 
as the most prominent ones. The final part of the chapter demonstrates the rock and envi-
ronmental conditions at Långören island. 
 
Chapter 3 presents the methodology for monitoring the exfoliation fracturing in the field 
conditions. In addition, the rock temperature behaviour at Långören is demonstrated and 
the temperature variation in contrast to the existing fractures is discussed. 
 
Chapter 4 introduces the fracture mechanics modelling software FRACOD2D and its ca-
pabilities and limitations to model exfoliation fracturing. Sensitivity analyses and model 
calibration are also presented in this chapter. 
 
Chapter 5 reviews the complete fracture mechanics modelling for the exfoliation at Lån-
gören island. The simulations are based on the different exfoliation fracturing theories 
and the obtained results are evaluated after each case.  
 
Finally, in chapters 6 and 7 the results achieved in the study are discussed and concluded. 
Furthermore, the uncertainties, remarks and the further improvements are presented re-
garding the thesis.  
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2 Methods and materials 
Understanding the basis of fracture mechanics studies is essential for profound analyses 
of the achieved results. On the other hand, while features of natural rock mass make the 
rock discontinuous, heterogeneous and anisotropic, it is also important to consider rock 
mechanical and fracture mechanical theories and methods critically as they are usually 
developed for materials with ideal quality. (Whittaker et al. 1992)  
 
This chapter concentrates on giving a short introduction to fracture mechanics and exfo-
liation fracturing theories. In addition, the last part of this section presents the rock and 
environmental conditions at Långören island. 
2.1 Fracture mechanics 
2.1.1 Griffith hypothesis and definitions 
The modern fracture mechanics is comprehensively based on the Griffith hypothesis 
(Griffith 1920) of primitive micro-cracks and energy balance. However, Griffith theory 
has some limitations mainly restricting the concept only for tensile failures. As a result, 
it has been enhanced and modified considerably over last decades. (Whittaker et al. 1992) 
 
In order to explain the Griffith hypothesis and other fracture mechanical principles, it is 
first important to define terms related to these fundamental theories. Bieniawski (1967) 
provided accurate explanations for the fracture mechanics terms separating the crack and 
fracture initiation and propagation.  
 
Crack initiation occurs prior to actual fracturing and it is determined as a process in which 
microscopic defects are originated to an intact material. Analogously, fracture initiation 
is a process in which these pre-existing micro-flaws coalesce forming an apparent larger 
scale fracture while the stress at the flaw tips exceeds the molecular cohesive strength of 
a material. Fracture propagation takes place when a fracture inside a material is contin-
uously extending. (Bieniawski 1967) 
 
Griffith hypothesis examines the phenomenon of fracture initiation presenting two basic 
requirements for the tensile failure of a solid. The stress requirement, for overcoming the 
cohesive strength of a material, is achieved by the assumption that a material contains 
elliptical pre-existing flaws, referred as Griffith cracks. These cracks induce stress con-
centrations thus, leading to fracture initiation. The energy requirement on the other hand, 
implies that external loading applied to the structure is balanced by the potential elastic 
strain energy and the surface energy of the pre-existing cracks. Therefore, the amount 
external work must be increased in order to overcome the resistance for fracture initiation. 
(Bieniawski 1967) 
 
According to Whittaker et al. (1992), the total energy U of the infinite cracked plane in 
tension can be presented using the following formula. 
 
𝑈 = 𝑈𝑡 + 𝑈𝑐 − 𝑊 + 𝑈𝑠 = 𝑈𝑝 + 𝑈𝑠                             (1)
                         
Where, 
 
𝑈 is total energy of the infinite cracked plane  
𝑈𝑡 is total initial elastic strain energy of the stressed but uncracked plane 
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𝑈𝑐 is the elastic strain energy release caused by the introduction of the crack 
of length 2a and the relaxation of the material above and below the crack  
𝑈𝑠 is change in the elastic surface energy due to the formation of the crack new 
surfaces 
𝑈𝑝 is change in the potential energy 
𝑊 is work done by the external forces 
 
Employing the theory of elasticity, the above equation can be solved to present strain 
energy release rate G, which is regarded as a highly important parameter in fracture me-
chanics. Strain energy release rate is expressed with a generic equation as follows and it 
represents the elastic strain energy release 𝑈𝑐 per unit crack length. (Whittaker et al. 1992) 
 
𝐺 =
𝜕𝑈𝑐
𝜕𝑎
=
𝜋𝜎2𝑎
𝐸´
                             (2)
    
Where, 
 
𝐺 is strain energy release rate 
𝜎 is tensile stress 
𝑎 is half-crack length 
𝐸´ is Young’s modulus 
 
In tension, the necessary condition for fracture initiation is achieved when the strain en-
ergy release rate reaches the critical value 𝐺𝑐, which can also be presented in terms of 
material property parameter fracture toughness (Whittaker et al. 1992).  
2.1.2 Modes of fracturing 
In order to understand the function of fracture toughness, it is first essential to explain the 
behaviour of fractures under different loading conditions. In a solid, fractures can be di-
vided into three main categories, which are tensile (mode I), shear (mode II) and anti-
plane shear (mode III) modes of cracking (Figure 3). These fracturing modes represent 
the displacements produced by the affecting stress state, which is generally divided into 
three main components (Figure 4). (Whittaker et al. 1992)  
 
 
 
Figure 3. The different fracturing modes. From the left to the right: tensile, shear and 
anti-plane shear modes with corresponding displacements (Whittaker et al. 1992).  
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Figure 4. Affecting stress-field in rock expressed by the three main stress components 𝝈𝟏, 
𝝈𝟐 and 𝝈𝟑. 
 
Mode I fractures generate to the direction of the affecting normal stress at the crack tip 
and perpendicular to the minor principal stress component 𝜎3. Mode II and mode III frac-
tures initiate in different shear stress conditions. Analogously, in-plane shear stress 𝜏𝑖 
induces mode II failures and out-of-plane shear stress 𝜏𝑜 on the other hand, mode III 
failures. The shear stress and propagation direction of shear fractures is dependent on the 
main principal stress component 𝜎1 and the friction angle of the material. A crack dis-
placement can also result from a combination of any two of the fracturing modes. In this 
case, the cracking type is called as mixed mode fracturing. (Whittaker et al. 1992) 
2.1.3 Fracture toughness 
In each of the fracturing modes, fracture propagation can be determined by stress intensity 
factor K, which is a local crack tip parameter (Whittaker et al. 1992) representing material 
resistance against fracture formation (Atkinson 1982). In addition to being first to propose 
the stress intensity factor approach, Irwin (1957) introduced the relationship between the 
global parameter G and K. In the different fracturing modes this relationship is presented 
as follows. 
 
𝐺𝐼 =
𝐾𝐼
2
𝐸´
                   (3) 
 
𝐺𝐼𝐼 =
𝐾𝐼𝐼
2
𝐸´
                              (4)
  
𝐺𝐼𝐼𝐼 =
𝐾𝐼𝐼𝐼
2 (1+𝑣)
𝐸´
                                     (5)
  
Where, 
 
𝐺𝑁 is the mode dependent strain energy release rate 
𝐾𝑁 is the mode dependent stress intensity factor 
𝑣 is the Poisson´s ratio (Whittaker et al. 1992, p. 90). 
 
Similar to the critical value of the strain energy release rate 𝐺𝑐, the resistance against frac-
ture formation can be expressed with the stress intensity factor. As a result, when the K 
reaches its critical value 𝐾𝑐, called as fracture toughness, a criterion for rapid failure is 
achieved (Atkinson 1982).  
𝜎1
𝜎2
𝜎3
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Moreover, fracture toughness can be employed while estimating the material strength. 
This is achieved with the following equation. 
 
  𝜎𝑡 =
𝐾𝐼𝐶
√𝜋𝑎𝑌𝑘
                    (6) 
 
Where, 
𝜎𝑡  is the tensile strength  
𝐾𝐼𝐶 is the fracture toughness in mode I 
𝑎 is the size of the most critical crack 
𝑌𝑘 is the dimensionless stress intensity factor depending on geometry of the 
most critical crack (Whittaker et al. 1992, p. 231) 
2.1.4 Subcritical crack growth 
The stress intensity factor is particularly important while demonstrating time-dependent 
behaviour of a material (Evans 1972), because the fracture propagation can also occur 
below the fracture toughness limit 𝐾𝑐. Subcritical crack growth is a term denoting this 
certain type of fracture propagation. (Atkinson 1984) Subcritical fracturing can appear in 
all fracturing scales (Rinne 2008), and besides rock, it has been observed to exist in vari-
ous materials including glass, ceramics and metals (Anderson and Grew 1977). However, 
while the mechanism of SCG varies in different materials, in rock, the controlling process 
is generally determined to be stress corrosion (Atkinson 1984).  
 
Subcritical crack growth is also called as stable cracking, because the fractures often de-
velop with a fixed speed. Moreover, according to the Griffith energy requirement, the 
stress must be increased in order to overcome the higher resistance induced by the gener-
ating fractures with an increasing size. Therefore, value of the stress intensity factor K 
rises if the crack growth velocity V increases. (Backers 2004) As a result, subcritical be-
haviour of a material can be efficiently described by constructing K-V diagrams (Figure 
5) (Evans 1972).  
 
 
Figure 5. Idealized K-V –diagram presenting the long-time behaviour of a material in 
tension (Evans 1972). V is the crack growth velocity and K is the stress intensity factor. 
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Below the stress corrosion crack growth limit K0 no fracture propagation occurs due to 
stress corrosion. In contrast, currently it is assumed that in the region I, the stress corro-
sion reactions control the fracture growth. In region II, the crack development is specified 
due to the rate of reactive species transportation to the crack tips, while region III is con-
sidered as unaffected by the chemical reactions and the mechanical rupture acts as the 
main fracture growing mechanism. (Atkinson 1984) 
 
Subcritical crack growth velocity can be determined by equations introduced by Charles 
(1958) and required calculation parameters can be obtained from laboratory tests accord-
ing to methods introduced by Wilkins (1980) and Backers (2006). However, this subject 
is not discussed in this study further and the subcritical crack growth in the fracture me-
chanics modelling is ignored.  
 
On the other hand, it is important to realize that due to SCG, the exfoliation fracturing 
can, in reality, occur during long periods of time and the recorded Långören event might 
have only been the rapid phase of the long fracture generation. SCG enables fracturing 
also in smaller stress states, which can be considered while investigating the fracture ini-
tiation stress for exfoliation. 
2.2 Exfoliation fracturing theories 
Commonly, two as the most fundamental considered exfoliation fracturing theories are 
the explanations of pressure release and surface-parallel compression. However, while 
currently having a superior position over other theories, even these two concepts do not 
provide inclusive and perfect answer to the origin of rock exfoliation.    
2.2.1 Pressure release  
In the pressure release theory, the formation of exfoliation fractures is a result of the rock 
expansion (Harland 1957; Twidale 1973). This expansion is induced by the pressure re-
moval or unloading, which can be achieved mainly due to erosion or melting of the glacier 
(Lanaro et al. 2007). While erosion allows rock to be released from the high cool down 
pressures (Twidale 1973), a glacier applies high compression to the bedrock, which is 
then released after the melting period. 
 
Rock expansion after the pressure release, also referred as rebound, is well-recognized 
phenomenon in geological materials. In rebound, rock behaves as a viscoelastic material 
and the stresses from the past loading history, which are locked to a residual stress field, 
are reoriented and released during the rebound. Rock expansion can occur instantly or 
time-dependently, but the most appropriate conditions for delayed rebound are achieved 
if the pressure release time is short compared to the material relaxation time. In addition 
to the affecting stresses, the various rock properties and environmental conditions are also 
considered as influencing factors to the rebound phenomenon. (Nichols 1980)  
 
The criticism towards pressure release theory comes from the fact that pressure release in 
elastic conditions does not itself produce breaking of a material. Thus, while complete 
three-dimensional rebound is free from any permanent deformations, other factors are 
required for the exfoliation fracturing. (Holzhausen 1989; Martel 2006) However, natu-
rally rebound occurs in a geological context where in situ stresses are always present 
enabling the failure conditions for the expanding rock. In other words, the actual difficulty 
in the comparison between theories is to distinguish the most fundamental mechanism 
behind the rock exfoliation.  
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2.2.2 Surface-parallel compression 
The theory of surface-parallel compression implies that exfoliation fractures generate par-
allel to the high horizontal stress 𝜎1 and normal to the induced tensile stress 𝜎3, which are 
reorientated according to the topography (Martel 2006). While ignoring the shape of the 
rock surface, this mechanism is similar to the indirect tensile strength test where fractures 
are produced in the direction of the applied loading.  
 
According to Martel (2006), exfoliation fractures originate from the compression, which 
in convex topography conditions increases the tensile stress T eventually producing fail-
ures, if the stabilizing effect of the unit weight is exceeded. The normal traction gradient 
𝜙 in this case is calculated with the following formula using parameters presented in the 
Figure 6. In shallow depths, tensile stress normal to the surface is activated if the resulting  
𝜙 is positive. (Martel 2011). 
 
𝜙 =  𝜎11𝑘1 + 𝜎22𝑘2 − 𝜌𝑔 ∗ 𝑐𝑜𝑠𝛽   (7) 
Where, 
 
𝜎𝑖𝑗  is the stress component acting to the j-direction and normal to the i-direction 
𝑘𝑖  is the principal curvature 
𝜌  is the rock density  
𝑔 is the gravitational acceleration 
𝛽 is the slope of the surface (Martel 2011).  
 
 
Figure 6. The left-hand side (A) presents the behaviour of a curved cross-section under 
compression while R is the radius of the curvature and 𝜷 is the slope of the surface. In 
the right-hand side (B) is the corresponding three-dimensional model, where the 𝜶𝒊 is the 
direction. (Martel 2011) 
 
The theory of surface-parallel compression is demonstrated valid for convex rock sur-
faces. On the other hand, also concave surfaces experience exfoliation fracturing and nat-
urally, compressive stresses tend to decrease towards the top of convex topography.  
Thus, compression, which increases the tensile stress in the convex topography condi-
tions, cannot be the ultimate solution for the exfoliation formation (Lanaro et al. 2007). 
2.2.3 Discussion 
The high compression is evidently a key factor in exfoliation fracturing (Twidale 1973), 
but whether it is the pressure release or convex topography, that triggers the fracture ini-
tiation, can be only debated. In addition, it is important realize that other agents can also 
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increase surface-parallel compression. Particularly external thermal effects influence on 
the top of the surface and therefore, aligned to the topography. In natural environment, 
the rock temperature is affected not only by the air temperature but also by the radiation 
from the sun. Thus, the rock temperature can have a major difference to actual air tem-
perature (Hall and André 2001)  
 
Temperature variations induce thermal stresses, which can reduce the rock tensile 
strength (Kirkkomäki 2001), while thermal expansion simultaneously increases the com-
pressive stress state in rock. Therefore, the possibility for near-surface exfoliation frac-
turing can be improved in certain temperature conditions (Twidale 1973). Similarly, 
chemical alterations can lead to expansion in the rock mineral volume and produce in-
censement in the compressive stress state. Chemical environment affects also to the sub-
critical crack growth velocities (Evans 1972; Bahat et al. 1999) However, the effect of 
chemical reactions is only limited to the shallow depths. (Blackwelder 1925)  
 
In the fracture mechanics modelling of the exfoliation phenomenon, it is important to 
understand the restrictions and modelling capabilities of the employed simulation 
method. In contrast to the agents behind exfoliation fracturing, the possibilities of the 
Fracture mechanics code FRACOD2D are discussed in chapter 4.  
2.3 Exfoliation conditions at Långören island  
Because the modelling was performed regarding the local exfoliation phenomenon at 
Långören island, the local exfoliation affecting factors were required for the fracture me-
chanics analysis.  
2.3.1 Location and geology 
Långören is an island located in the archipelago of South-Western Finland (Figure 7; 
Figure 8), and roughly in the middle between the cities of Hanko and Turku. The ground 
surface at Långören is mainly exposed bedrock with stunted vegetation. In addition, the 
exfoliation fracturing in 2014 occurred at the west side corner of the island where the 
bedrock is the most revealed having an inclination towards northwest. 
 
 
Figure 7. Location of the archipelago of South-Western Finland 
South-Western archipelago
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Figure 8. Location of the Långören (red circle) island in contrast to the mainland and the 
nearest weather station that is set at Vänö island (red rectangular) The distance between 
the islands is approximately 13 kilometres. 
 
According to GTK (Geological Survey of Finland), the rock type at the island is micro-
cline granite. However, in this study, microcline granite was assumed sufficiently similar 
to pegmatitic granite, which was used as the representative rock type in rock mechanics 
modelling. The validation of pegmatitic granite was rationalized due to the great number 
of existing laboratory and modelling data of Olkiluoto pegmatitic granite (Siren 2011; 
Kukkonen et al. 2011; Åkesson 2012). 
2.3.2 Thermal conditions 
As thermal effects were considered important in the exfoliation development, the weather 
history at Långören island during the exfoliation fracturing was essential to be discovered. 
While it was important to consider long-term and short-term temperatures in order to 
account both secular and impulsive stress variations, it was decided to examine Långören 
temperatures 10 weeks and 10 days before the exfoliation occurred in the 30th week of 
July, accurately 27th July 2014. Moreover, while solar radiation can increase rock tem-
perature much higher than air temperature, it is notable that the Långören is located in the 
sunniest region of Finland (FMI, Finnish Meteorological Institute 2016). 
 
According to the data from the nearest weather station (Vänö, Kemiösaari; Figure 8), 
located 13 kilometres south from Långören, the average temperatures from 10 weeks be-
fore the fracturing have been as presented in Table 1. 
 
Table 1. Weekly mean temperatures at Långören island between the weeks 21 and 30 in 
2014. 
Week Mean temperature °C 
21 14.2 
22 9.7 
23 14.6 
24 13.9 
25 10.7 
26 12.2 
27 14.7 
28 19.0 
29 18.5 
30 23.0 
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In contrary, while considering short-term thermal variations, the air temperature condi-
tions from 10 days before the fracturing are presented in the Table 2.  
 
Table 2. Temperature conditions at Långören island between 18.7.2014 and 27.7.2014 
(FMI 2016) 
 
Date Maximum temperature 
°C 
Mean temperature 
°C 
Minimum temperature 
°C 
18.7.2014 21.5 18.5 16.3 
19.7.2014 23.1 19.7 15.8 
20.7.2014 25.2 20.4 17.4 
21.7.2014 27.0 20.1 17.5 
22.7.2014 25.1 21.6 15.4 
23.7.2014 27.9 23.2 19.7 
24.7.2014 28.7 23.5 17.7 
25.7.2014 28.8 23.8 18.2 
26.7.2014 28.0 24.0 19.1 
27.7.2014 28.5 24.9 20.2 
 
In addition to air temperature, the temperature of the nearby seawater was also discov-
ered. The seawater temperature was estimated based on available satellite data. As seen 
in Figure 9, the surface water temperature in the Baltic Sea has been over 20 °C during 
the exfoliation fracturing event (SYKE 2016).  
 
 
Figure 9. Surface water temperature in the Baltic Sea 27.7.2014 (SYKE 2016) 
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2.3.3 Glacial stresses 
In Fennoscandia, the in situ stress-field can be affected not only by the natural tectonic 
forces, but also by the past glaciations. During the glacial development, the ice cover 
induces significant changes to the all three stress-field components. While considering 
exfoliation fracturing, the most prominent factor in the stress variations is that after the 
ice sheet retreats, the horizontal stress component reduces later compared to the vertical 
component. (Lund et al 2009) Thus, during the possible vertical rebound, the compression 
in bedrock can still be relatively high.  
 
A possible stress-field at Långören, induced by the last glaciation, can be estimated 
roughly based on the maximum ice cover thickness (Figure 10). As confirmation, the past 
ice cover thickness is appropriately in respect to the current measured vertical uplift rate, 
which at Långören island is roughly 4𝑚𝑚/𝑦𝑟 (Figure 11). On the other hand, the ob-
tained stress values represent only one possible scenario, and the real glacial stress-field 
might have differed significantly from the estimation.  
 
In general, the effect of the current post-glacial compression is estimated to be only a few 
mega pascals based on the glacial stress-field modelling (Lambeck and Purcell 2003; 
Hökmark and Fälth 2014). However, while simulating exfoliation due to pressure release 
theory, the stresses from the glacial history are important, because the conditions instantly 
after the retreat of the ice cover must be employed. 
 
Figure 10.Maximum ice sheet thickness simulation in Fennoscandia during the last gla-
cial, known as the Weichselian glacial (Lund et al. 2009). 
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Figure 11. Vertical uplift mm/yr. (Fjeldskaar et al. 2000) 
 
At Långören, the in situ stress-field at Långören during the glaciation is estimated using 
the ice cover thickness h of 2500 meters (see Figure 10). The main vertical stress compo-
nent 𝜎𝑣 at the rock surface below ice sheet is calculated in this case by 
 
         𝜎𝑣 = 𝜌𝑔ℎ.       (8) 
  
Where, 
 
𝜎𝑣 is the vertical stress component below the ice cover 
𝜌 is the density of the ice  
𝑔 is the gravitational acceleration 
ℎ is the thickness of the ice cover. 
 
With the values of 𝜌 = 900𝑘𝑔/𝑚3, 𝑔 = 9.81 
𝑚
𝑠2
 and ℎ = 2500 𝑚, the main principal 
vertical stress component 𝜎𝑣, at the time of the glaciation on the rock surface is 22 MPa. 
In contrast, the principal horizontal stress component 𝜎𝐻 is estimated according to the 
glacial stress analyses. While, in the end-glacial conditions, the vertical and horizontal 
stress components become nearly equal (Hökmark and Fälth 2014, p. 10) the horizontal 
compression can be considered equal to 22 MPa vertical pressure. 
 
In time, the estimated horizontal stress component reduces after the melting of the glacial 
cover. However, if the conditions directly after the ice load removal are considered, the 
horizontal load can be kept constant through the analysis. Based on the glacial models by 
Lund et al. (2009) the stress relaxation varies also significantly in different modelling 
approaches. Thus, the real glacial stresses can distinct greatly from the approximations 
performed 10,000 years after the real events. 
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2.3.4 In situ stresses 
Although post-glacial influence is currently minimal, very high near-surface horizontal 
stress can be realistic in some cases, because corresponding values have been measured 
in Southern Finland. Based on these measurements, the highest major principal stress 
component has been almost 15 MPa only 15 meters from the bedrock surface (Mononen 
2005). Besides glacial stresses, other factors might also affect behind high surface stress 
states. For example, residual stresses can be a result from the high cooldown pressures of 
the minerals (Mononen 2005) or currently high stress concentrations might be induced 
by the topography.  
 
While the magnitude of the horizontal stress is important, also the in situ -direction of the 
maximum stress component is necessary for the fracture mechanics modelling. Basically 
the stress direction determines the location and the topography of the 2D-section in the 
fracture mechanics models, because the analysis should be performed parallel to the max-
imal horizontal stress. In Finland, it is generally agreed that the main principal horizontal 
stress has approximately northwest-southeast direction (Figure 12).  
 
On the other hand, the topography of the Långören island was only an approximation 
during the creation of this study and the real directions and magnitudes of the in situ stress 
components should be acquired for more accurate analyses. 
 
 
 
Figure 12. Direction of the main principal horizontal stress component in Scandinavia 
(Amadei and Stephansson 1997). 
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3 In situ –monitoring of exfoliation fractures 
This chapter presents the methodology for studying the generation of exfoliation fractures 
in situ. The introduced system, which was installed at Långören, was designed to evaluate 
exfoliation and other fracture formation especially in contrast to the weather conditions. 
The experiment was a part of the collaborative research project between ETH Zurich and 
Aalto university and the monitoring system was designed and funded by ETH Zurich. 
 
Since no new fracturing was observed during the testing period employed in the thesis, 
only the rock temperature results were used in order to model the realistic air-rock tem-
perature relationship. Moreover, the presented air temperature profiles were obtained 
from the Vänö weather station as the air temperature data directly from Långören was not 
accessible at the time of this thesis. 
3.1 Monitoring system  
The monitoring system, set up at Långören island, employs the acoustic emission (AE) -
technique to examine the development of exfoliation fractures. The advantage of the 
acoustic emission technique is that it can be used as a non-destructive method in obser-
vation of brittle fracture formation in rock (Lockner et al. 1992). While growing fractures, 
including microcracks, induce elastic waves, the microphones of an AE-device can detect 
these deformations from the top of the surface (Bruttomesso et al. 1993). Consequently, 
AE-sensors record defects also deep inside the rock mass (Grosse and Ohtsu 2008).   
 
In addition to the AE-devices, the Långören monitoring system consists of rock temper-
ature sensors, a weather station and a data logger computer. AE- components were also 
enhanced with piezoelectric signal generators, which allow the monitoring of primary 
wave (P-wave) velocity in the rock. In order to enable real-time observation, the system 
was connected to the mobile network. Furthermore, the power for the system was pro-
vided by a solar panel and attached batteries. The final arrangement is presented in Figure 
13. 
 
 
Figure 13. The final set-up of the in situ -monitoring system at Långören island.  
 
To measure rock temperature versus depth relationship, two holes were drilled close to 
the AE-components and temperature sensors were grouted into these holes. The weather 
station was set to measure the rock surface temperature, air temperature, air humidity, 
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rainfall, wind speed, wind direction and solar radiation. One core sample was also taken 
from the investigation site and a crack meter was connected to the open fracture detected 
inside the borehole.  
3.2 Determination of the testing area  
The determination of the sensor locations was based on the visual examination during the 
assembly and the GPR (Ground Penetrating Radar) surveys executed by GTK at Lån-
gören in 2015. The aim of the estimation was to find positions for the AE-sensors where 
the rock was the most intact and thus, having the greatest possibility for new fracture 
development. The approximated location in contrast to the GPR -measured exfoliation 
fractures are presented in Figure 14. 
 
 
Figure 14. The locations of the monitoring components in contrast with the interpreted 
GPR fracture surfaces (raw GPR data provided by GTK). The blue surface is the rock 
surface and the green, red and grey surfaces are approximated exfoliation fracture sur-
faces. As seen in the figure, one of the AE -components proved inoperative.  
3.3 Installation of the system   
For the monitoring system, the careful installation procedure was conducted in order to 
acquire reliable and functional system. However, one of the AE -components proved in-
operative after the installation. 
 
The combined AE - piezoelectric components were installed to the top of the bedrock by 
gluing them to the defined locations. The rock surface was also refined before the gluing 
for avoiding any open space between the sensors and the rock. After the attachment, two 
plastic covers were set on the sensors (Figure 15). Furthermore, the space between these 
covers was filled with sand in order to prevent distraction signals above the rock surface.  
 
Rock surface
Fracture surface
Fracture surface
Fracture surface
2.5 m
1.0 m
N
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Figure 15. The plastic covers protecting the AE-sensors from the noise and weather con-
ditions. 
  
Twelve temperature sensors were inserted to the drilled temperature holes with known 
vertical positions. The grout for filling the holes was selected considering as close prop-
erties compared to the rock as possible. The vertical positions of the sensors and the over-
all depths of the temperature holes are presented in Table 3 and Table 4. 
 
Table 3. The sensor depths and types in the upper temperature hole (see Figure 13, on 
the right) 
Sensor Depth, millimetres Sensor type 
Sensor 1 40  Digital 
Sensor 2 150 Analog 
Sensor 3 230 Analog 
Sensor 4 440 Digital 
Sensor 5 770 Analog 
Sensor 6 1110 Digital 
 
Table 4. The sensor depths and types in the lower temperature hole (see Figure 13, on 
the left) 
Sensor Depth, millimetres Sensor type 
Sensor 1 40 Digital 
Sensor 2 120 Analog 
Sensor 3 250 Analog 
Sensor 4 440 Digital 
Sensor 5 X Non operational 
Sensor 6 1080 Digital 
 
Because the monitoring system was constructed to be dependent on the solar energy, it is 
fully operational only during the summer months. On the other hand, if the power con-
sumption would be limited by the intervals during which the system active, the operation 
period could be extended. 
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3.4 Monitoring results 
The relationship between the air temperature and the rock surface temperature was exam-
ined by plotting these values in contrast to each other using a period of one week (Figure 
16). The obtained weather data was considered as very accurate because the measurement 
interval was 10 minutes while the measurement interval of the rock temperature was 200 
seconds.  
 
 
Figure 16. Rock temperature versus air temperature diagram. The time period is selected 
between 25.7.2016 and 1.8.2016, because during this time the air temperatures reached 
their highest values (FMI 2016) after the monitoring system installation. The rock tem-
perature represents the surface temperature, as it is the temperature of the sensor 1, 
which was installed to 40 mm depth. The air temperature was achieved from the Vänö 
weather station. 
 
As seen from the diagram, the temperature difference between air and the rock is empha-
sized during the daytime. The approximated maximum temperature difference in the Fig-
ure 16 is 16.5 °C while the minimum difference, measured during the nighttime, is only 
0.7 °C. The average difference between the rock surface and air is approximately 7.1 °C. 
The diversity between the air and rock values is rationalized due to the solar radiation, 
which is effective daytime. Thus, also cloudiness affects to the air-rock temperature ratio. 
Figure 17 presents the estimated average cloudiness in contrast to the rock temperature. 
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Figure 17. Average cloudiness in contrast to the air and rock surface temperatures. The 
cloudiness is evaluated with scale from 0 to 8, where 0 is the cloudless weather and 8 is 
the cloudiest weather.  
 
If accounting the depth of the temperature sensors, the following temperature diagram is 
achieved from the upper temperature hole (Figure 18). Moreover, while the daily maxi-
mum rock temperature is plotted versus the depth, the temperature behaviour illustrating 
graph is achieved (Figure 19). 
 
 
Figure 18. Rock temperature profile from the upper temperature hole between 25.8-
1.8.2016.  
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Figure 19. The temperature versus depth diagram from the upper temperature hole 
26.7.2016, while the sensor 1 at the depth of 40 mm has reached its peak value.   
 
As seen in Figure 18, the thermal properties of rock allow the daily temperature changes 
to have only minor effect while considering depths below 0.5 meter. However, the rock 
is apparently storing heat as the two bottom sensors have a steady inclination upwards. 
The sensors 3 and 4 have reverse daily evolution compared to the sensors 1 and 2. Thus, 
the temperature difference between depths of 120 mm and 230 mm is the greatest (Figure 
19).  
 
On the other hand, the cracks in the obtained core sample were also located between 150 
mm and 230 mm depths from the rock surface. Therefore, the explanation for the temper-
ature behaviour between 120 mm and 230 mm might be that the two open fractures pre-
vent the proper thermal conduction in rock (Figure 20). Hence, there exists uncertainty in 
the veracity of the obtained temperature profiles.   
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Figure 20. The locations of two near-surface exfoliation fractures in the core sample 
corresponding to the maximum temperature difference observed in the rock temperature 
monitoring. 
  
While daily short-term temperature variations are a very likely source of the near surface 
exfoliation at Långören, the deeper fractures might not be explained fundamentally with 
thermal stresses. The weekly long-term temperature variations on the other hand, can 
have more profound influence as the heating during longer timespan increases horizontal 
compression much deeper.  
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4 Fracture mechanics modelling 
This chapter introduces the fracture mechanics modelling of exfoliation fractures at Lån-
gören island. First, the chapter presents the FRACOD2D –software and the basic concepts 
behind the modelling. Next, the chapter reveals the sensitivity of the software and fur-
thermore, the model calibration, boundary conditions and essential modelling parameters. 
4.1 FRACOD2D 
4.1.1 Overview 
FRACOD2D (FRActure propagation CODe) is a fracture mechanics modelling software, 
which enables observation of fracture initiation and propagation in two-dimensional 
space. The software is designed for analysing fracture mechanics problems inside elastic 
and isotropic rock medium. Thus, every initiated fracture represents a local failure in the 
intact rock mass. FRACOD2D simulates fracturing in macro scale ignoring micro-crack 
processes. (Shen et al. 2014) Therefore, the process of crack initiation is not considered. 
In addition, the FRACOD2D has been developed over last years and time dependent func-
tions and thermo-mechanical coupling has been included. The software version 5.2 is 
used in this thesis.  
 
The software is based on the DDM -method (Displacement Discontinuity Method), which 
is one of the major Boundary Element Methods (BEM) (Shen et al. 2014). The selection 
of DDM-approach can be considered advantageous compared to other BEM-methods, 
because it presents fractures as elements instead of surfaces (Siren 2011). In other words, 
a single DD-element is composed of two crack surfaces (Shen et al. 2014). 
 
New shear fractures initiate according to the Mohr-Coulomb criterion, if the influencing 
stresses overcome the rock mass strength. In contrast, the tensile initiation criterion is 
used for mode I fracturing. The shear and tensile fracture initiation conditions are demon-
strated with the following two formulas (Shen et al. 2014). 
 
𝜎𝑆 ≥  𝜎𝑛 ∗ tan(𝜙) + 𝑐                  (9) 
 
Where, 
 
𝜎𝑆 is the shear stress 
𝜎𝑛 is the normal stress to the shear failure plane  
𝜙 is the friction angle in the rock mass  
𝑐 is the cohesion in the rock mass. 
 
𝜎𝑡𝑒𝑛𝑠𝑖𝑙𝑒 ≥  𝜎𝑡         (10) 
 
Where, 
 
𝜎𝑡𝑒𝑛𝑠𝑖𝑙𝑒 is the tensile stress 
𝜎𝑡 is the tensile strength. 
 
In the FRACOD2D, the criterion for the fracture propagation and the propagation direction 
is achieved by employing the F-criterion, which is also called as the modified G-criterion. 
(Shen et al. 2014) Based on the work of Shen and Stephansson (1993), the F-criterion can 
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consider fracturing also in mode II and the resulting strain energy release rate is divided 
into tensile (GI) and shear (GII) components. 
 
 
Figure 21. Different displacement modes in fracture generation. (a) The fracture has both 
open and shear displacements. (b) The fracture has only open displacement. (c) The frac-
ture has only shear displacement. (Shen and Stephansson 1993) 
 
The value of the F-criterion to an arbitrary direction can be determined with the following 
formula. 
𝐹(𝜃) =
𝐺𝐼(𝜃)
𝐺𝐼𝐶
+
𝐺𝐼𝐼(𝜃)
𝐺𝐼𝐼𝐶
= 1.0,  (11)
    
Where, 
 
𝜃 is an arbitrary direction 
GI(𝜃) is the strain energy release rate in mode I 
GII(𝜃) is the strain energy release rate in mode II 
GIC is the critical strain energy release rate in mode I 
GIIC is the critical strain energy release rate in mode II. 
 
If the F-criterion reaches values higher than 1.0, the fracture propagation begins and the 
direction is decided based on the direction of maximum F-value (Shen and Stephansson 
1993). Moreover, if the anisotropy is considered by using direction dependent fracture 
toughness, the F-criterion can be presented as follows. (Shen et al. 2014) 
 
𝐹(𝜃) = (
𝐾𝐼
𝐾𝐼𝐶(𝜃)
)
2
+ (
𝐾𝐼𝐼
𝐾𝐼𝐼𝐶(𝜃)
)
2
= 1.0,   (12) 
 
Where, 
 
𝜃 is an arbitrary direction 
KI is the stress intensity factor in mode I  
KII is the stress intensity factor in mode II 
KIC(𝜃) is the direction dependent fracture toughness in mode I 
KIIC(𝜃)  is the direction dependent fracture toughness in mode II.  
 
In FRACOD2D, the gravity function has been included since the version 2.3, which is 
essential in exfoliation fracturing observations (Lanaro et al. 2007). In BEM, the gravity 
affects in the centre of every element and the gravity induced shear and normal stresses 
are calculated separately in each point in the medium (Shen et al. 2007). 
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FRACOD2D has previously been proved suitable for exfoliation fracturing simulation and 
the features of the software make the versatile exfoliation examination possible for Lån-
gören phenomenon. Thus, it is regarded as an appropriate tool for the modelling con-
ducted in this thesis.   
4.1.2 Thermo-mechanical coupling 
One of the FRACOD2D features that is important regarding the Långören exfoliation sim-
ulation is thermo-mechanical coupling. While using the boundary element method, 
thermo-elastic problems can be solved by adopting two different approaches, which are 
called direct and indirect. In FRACOD2D, the indirect thermo-mechanical approach is 
employed, because it has been found appropriate while coupling DDM and thermal ef-
fects. Moreover, indirect method is considered advantageous if the internal heat sources 
are used. (Shen et al. 2014) 
 
In the indirect method, fictitious heat sources with unknown strength are created to the 
model and they are evaluated by solving the source to match given boundary conditions. 
Consequently, these fictitious heat sources determine next the temperature, stress and dis-
placement distribution in the model. (Shen et al. 2014) 
 
Thermo-mechanical time is accounted by dividing the heat source into sub-sources, which 
influence at the alternative time steps. Therefore, the temperature is always constant at 
the certain time step and the value of the step is an accumulation of previous values. This 
time marching scheme is illustrated in the Figure 22. (Shen et al. 2014)  
 
 
Figure 22. The solution of the time marching scheme in FRACOD2D. The temperature is 
constant over a step and it is accumulated from the previous values. (Shen et al. 2014) 
 
By increasing the thermal time steps in the model the calculation speed is reduced due to 
the increasing size of the equation system. Thus, in the newest version of FRACOD2D, 
the maximum number of 15 time steps is allowed. The time steps must also be uniform 
in order to avoid errors in the calculation. (Shen et al. 2014)  
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4.1.3 Limitations and sensitivity 
The most significant limitation in the current version of FRACOD2D regarding exfoliation 
fracturing is the incapability to simulate viscoelasticity and chemical effects. Thus, alt-
hough chemical environment and viscoelastic relaxation might have an influence on the 
fracture development, they cannot be implemented in this study directly. However, while 
stress conditions were widely varied, the expansion induced by chemical reactions could 
be hence accounted. The viscoelasticity on the other hand, is related to the pressure re-
lease theory, which can be also modelled by examining only the effects of the remaining 
stresses. 
 
The sensitivity of the FRACOD2D results mainly from the use of various geometric vari-
ables. These parameters are grid point spacing, boundary element size, fracture initiation 
element size and functions SETF, SETE and SETT. SETF is the cut-off level of simulta-
neous multiple fracture propagations. SETE is the check-up level for elastic fracture 
growth while SETT is the tolerance factor giving the tolerance distance between separate 
fractures. All the previous parameters have been observed to have considerable effects in 
the analysis, and different combination of these variables have been determined to give 
very different results. (Siren 2015) 
 
The relationships between different geometric variables are demonstrated in the following 
figures on the next page. First, the different relationships between boundary element, 
fracture element and grid points are discovered (Figure 23). Next, the effects of different 
SETF and SETT functions are demonstrated (Figure 24). The correct values for the exfo-
liation fracturing modelling were selected based on these sensitivity analyses and the 
work of Siren (2015) and the default values of FRACOD2D. 
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Figure 23. The sensitivity study of grid point spacing, boundary element number and 
fracture initiation element size. In the upper model, the grid point spacing and fracture 
element size are 𝟏. 𝟓 ∗boundary element size. In the middle, all these parameters are set 
to equal value. In the bottom model, the fracture and boundary element sizes are the same 
and the grid point spacing is 𝟏. 𝟓 ∗boundary element size. 
 
 
Boundary element size = 1.3 m 
Grid point spacing = 2.0 m 
Fracture element size = 2.0 m 
Boundary element size = 2.0 m 
Grid point spacing = 2.0 m 
Fracture element size = 2.0 m 
Boundary element size = 1.3 m 
Grid point spacing = 2.0 m 
Fracture element size = 1.3 m 
33 
 
 
 
Figure 24. The relationship between different values of SETF and SETT functions (Siren 
2015).  
 
As the default values of FRACOD2D were discovered to indicate realistic results, these 
values were chosen to the exfoliation fracturing models except the SETF was set to 1.0, 
because no remarkable effect was discovered between the default value of 0.9 and 1.0 
(Siren 2015). The following table presents the final geometric parameters. 
 
Table 5. Geometric variables in the exfoliation modelling that influence to the observed 
fractures. 
Parameter Value 
Boundary element size 1.0 
Grid point spacing 1.5* Boundary element size 
Fracture element size 1.5* Boundary element size 
SETF 1.0 
SETE 0.5 
SETT 1.0 
    
In contrast to the software based variables, also the employed rock and fracture mechanics 
parameters have a major influence on the simulated fracturing. While this thesis was cre-
ated there was no rock mechanics data available from Långören and thus, the material 
properties of Olkiluoto pegmatitic granite were input to FRACOD2D. As a result, there 
exists some uncertainty in the material context. 
 
Especially fracture mechanics parameters, such as fracture toughness, cohesion and stiff-
ness, affect significantly to the fracture generation. In previous FRACOD2D -studies, for 
example, cohesion values between 0 and 43 MPa and normal stiffness values between 2 
and 50,000 GPa/m have been used (Shen et al. 2014) In this study, these parameters were 
Cut-off level of simultaneous multiple fracture propagations
T
o
le
ra
n
ce
fa
ct
o
r
b
et
w
ee
n
se
p
ar
at
e
fr
ac
tu
re
s
34 
 
 
widely varied in order to obtain the parameters that best correspond to the exfoliation 
fracturing environment. The variables are set in calibration modelling section 4.3. 
 
From rock mechanics parameters, the especially Poisson’s ratio influences to the exfoli-
ation fracture generation, because it determines how the rock is capable of resisting shear 
deformations. In the previous exfoliation modelling, the Poisson’s ratio has been ob-
served to decrease the depth at which fractures initiate (Figure 25). (Lanaro et al. 2007) 
 
 
Figure 25. The influence of the Poisson’s ratio on the exfoliation development. The left 
hand side is the model with the Poisson’s ratio of 0.25 and the right hand side is the model 
with the value of 0.40. (Lanaro et al. 2007) 
 
While considering thermal effects, the accuracy in FRACOD2D model influences also the 
accuracy of the temperature distribution. In other words, the temperature behaves always 
less continuously between two adjacent grid points if the accuracy is decreased. Moreo-
ver, FRACOD2D tends to overestimate the surface temperature in the models with larger 
element size (Figure 26). 
 
 
Figure 26. The temperature distribution depending on the model accuracy. In this case, 
the input temperature at the boundary was 44.5 ⁰C. 
0
100
200
300
400
500
600
700
800
900
1000
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
D
ep
th
, m
m
Temperature ⁰C
Model temperature
Accurate model temperature
35 
 
 
4.2 Essential boundary conditions  
The necessary boundary conditions regarding exfoliation modelling are presented next. 
These conditions are the in situ compression, glacial stresses and thermal environment. 
The validation of the values is presented in chapter 2.3. 
4.2.1 In situ stress 
In the thesis, the maximum realistic principal in situ stress component was estimated to 
15 MPa based on the highest measured near-surface values at Southern Finland (Mononen 
2005). As a result, this compression was regarded as a comparison value for the possibly 
higher stress states applied in the modelling. In addition, while considering pressure re-
lease and glacial induced stresses lateral compression was set to 22 MPa, which serves as 
the instant compression after the glacial pressure removal. 
4.2.2 Pressure release  
The pressure release modelling was performed by employing the initial horizontal and 
vertical stresses of 22 MPa estimated in section 2.3.3. The additional effect of tectonic in 
situ compression was mainly ignored in the pressure release simulations, because based 
on the studies of Lund et al. (2009) and Steffen and Wu (2011) the stress field is substan-
tially reoriented and modified during the glacial cycle. Thus, the exact amount of com-
pressive stress is very hard to predict. On the other hand, one pressure release model was 
processed with higher horizontal stress state to examine the influence of this factor.   
 
According to the glacial stress field simulations by Lund et al. (2009), the latest glacial 
pressure was released in two phases. First, approximately 70 percent of the vertical over-
burden pressure was removed and consequently, the remaining pressure was released in 
the second phase. In this thesis, the horizontal compression was kept constant through the 
modelling, because according to the post-glacial stress simulations, lateral compression 
decreases slower behind the vertical pressure (Figure 27). 
 
                    
Figure 27. The estimation of the stress field behaviour during the Weichselian glacial 
cycle. The evaluation is performed for Forsmark in Sweden. SH is the major horizontal 
stress component while Sh is the minor horizontal stress component and Sv is the vertical 
stress component. (Lund et al. 2009, p. 63). 
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4.2.3 Thermal conditions 
FRACOD2D can process only limited number of thermal time steps and the amount of 
these steps has an influence on the calculation speed. Thus, long-term (weekly) and short-
term (daily) thermal effects are required to be modelled separately. In the long-term mod-
elling, the average temperatures from 10 weeks before the fracturing event were em-
ployed (Table 1). Thus, one week represented one time step. In addition, the average air 
temperature was increased by 5 ⁰C to represent the average difference between air and 
surface rock temperature.  
 
In the short-term thermal models, applying the temperature variations was not however, 
that simple. While these models should be able to account daily temperature differences, 
the average values could not be used. The solution was to have separate time steps for the 
daily minimum and maximum temperature. However, this reduced the regarded day num-
ber to seven as each day required two time steps.  
 
The daily rock temperatures were modelled in contrast to the historical weather data and 
the in situ rock temperature behaviour. Furthermore, the daily maximum temperature and 
the daily minimum temperature were chosen as the alternating time steps. Daily maxi-
mum temperature was estimated to be the maximum air temperature increased by 16 °C 
degrees and the daily minimum was set equal to the air temperature (see Figure 16). The 
modelled short-term temperatures are presented in Table 6 and in Figure 28. 
 
While regarding sea temperature, which was input for the 25-meter-wide area at the sides 
of the topography, the long-term sea temperature was set to follow average air tempera-
ture directly. In the short-term models, the sea temperature was set to a constant temper-
ature value of 20 °C corresponding to Figure 9. 
 
Table 6. The modelled short-term temperatures while accounting the daily difference be-
tween rock and air temperatures. 
 
 
Date Step 
number 
Thermal 
time, s 
Air temperature, °C Short-term rock   
temperature °C 
21.7 1 0 27.0 43.0 
21.7 2 43200 17.5 17.5 
22.7 3 86400 25.1 41.1 
22.7 4 129600 15.4 15.4 
23.7 5 172800 27.9 43.9 
23.7 6 216000 19.7 19.7 
24.7 7 259200 28.7 44.7 
24.7 8 302400 17.7 17.7 
25.7 9 345600 28.8 44.8 
25.7 10 388800 18.2 18.2 
26.7 11 432000 28.0 44.0 
26.7 12 475200 19.1 19.1 
27.7 13 518400 28.5 44.5 
27.7 14 561600 20.2 20.2 
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Figure 28.The modelled short-term temperature behaviour in contrast to the modelled 
thermal time and estimated realistic rock temperature behaviour. 
 
The thermal properties for the modelled rock were obtained from laboratory results of 
Olkiluoto pegmatitic granite (Kukkonen et al. 2011; Åkesson 2012). The employed val-
ues are presented later in Table 7 together with other modelling parameters.    
4.3 Calibration modelling 
The calibration modelling was performed in order to calibrate the stress behaviour and 
the laboratory values of the rock mechanics and fracture mechanics parameters (Siren 
2011, p. 10) to the in situ scale.  
4.3.1 In situ stress behaviour  
In the FRACOD2D, the in situ stress field can be modelled by using two different ap-
proaches. These approaches are the employment a far-field stress function or a boundary 
stress function. The main difference between these two functions is the displacement be-
haviour due to the different boundary conditions. While far-field stress approach prevents 
displacements at the model boundaries, the boundary stress function applies the highest 
displacements at the same boundaries. This displacement behaviour and the boundary 
types for both approaches are demonstrated in Figure 29.  
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Figure 29. The difference in displacement behaviour between far-field stress function and 
the boundary stress function. While using the far-field stresses, the normal displacements 
are disabled from the side and the bottom boundaries. In boundary stress approach, the 
side boundaries are allowed to move also in the normal direction. 
 
In this study, the boundary stress function was selected for further modelling, because the 
displacement behaviour was considered as more realistic. However, the boundary stress 
function increases stresses close to the boundaries where the compression is applied and 
for this reason, the fracture initiation at these areas was prevented.   
4.3.2 Fracture initiation 
The first task regarding model with fracturing was to reduce the rock mass strength to in 
situ scale in order to avoid the employment of unrealistically high stresses. The strength 
reduction was justified, because in situ, the stress history of the rock considerably reduces 
the strength of the mass. Moreover, the time-dependent degradation of the cohesion de-
creases the shear strength of the rock. (Martin 1997) 
 
Overall strength degradation was decided to be used, because both tensile and shear 
strength were considered to be affected by the stress history of the Långören island. Fur-
thermore, while the decreasing cohesion influences only to the shear strength, the tensile 
strength has been observed to be decreased by the thermal stresses (Kirkkomäki 2001)  
and by the saturated conditions (Augustinus 1995), which at Långören are potential due 
to the nearby seawater. 
 
In FRACOD2D, the overall stress reduction affects directly to the stress required for the 
fracture initiation. While in tensile conditions the strength is directly the inputted value, 
the shear strength is a function of the friction angle and cohesion (see equations 9 and 
Far-field stress
Boundary stress
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10). Thus, the overall strength degradation could be performed also by modifying these 
values. 
 
Nevertheless, while the previous studies have demonstrated that the in situ rock strength 
is commonly less than 50 percent of the laboratory-tested values (Martin 1997), the cor-
responding strength reduction was performed for the Långören models. However, in this 
context, a calibration model was required in order to avoid fracturing prior to the appli-
cation of exfoliation inducing factors.   
 
The calibration model was constructed by creating a block with straight boundaries and 
using an in situ scale. Thus, no topography or any other stress-modifying agents were 
regarded in the analysis. As a result, 150-meter-wide and 100-meter-thick rectangular 
block was modelled and the 15 MPa horizontal boundary stress was applied. The top 
boundary was input as a free boundary representing the bedrock surface. 
 
The rock mass strength was reduced until single elastic fracture elements initiated to the 
rock mass. The figure below presents the fracture initiation while the rock mass strength 
was 30 percent of the original value. 
 
 
 
Figure 30. The single elastic fractures initiate near the free boundary while the rock mass 
strength was reduced to 30 percent of the original value.  
 
While no fracture initiation was observed while using 40 percent of the original strength, 
this value was chosen to be employed as in situ strength modification. On the other hand, 
even the smaller strength values were unable to induce fracture propagation. Thus, the 
separate calibration was required to achieve proper fracture propagation. 
4.3.3 Fracture propagation 
In order to obtain propagating fractures under relatively low stresses, the fracture cohe-
sion was decided to be decreased. The selection of the fracture cohesion as a fracture 
propagation affecting parameter was justified because it was determined as the most in-
fluencing factor in this context. In addition, similar to the rock mass cohesion, the fracture 
cohesion has been examined to decrease along time hence, being also related to the sub-
critical crack growth (Kemeny 2002). Therefore, while assuming that previous SCG 
might have occurred at Långören, the reduction of fracture cohesion was appropriate.  
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The fracture cohesion limit, where fractures started to propagate, was determined by em-
ploying models with simple convex topography and minimal horizontal compression for 
fracture initiation. Again, the cohesion values were reduced stepwise until the desirable 
fracture generation was obtained (Figure 31).  
 
 
Figure 31. The difference between different fracture cohesions. In the left, the model has 
10 MPa fracture cohesion and in the right, the fractures have 4 MPa cohesion, which 
was also the limit for the fracture propagation. 
 
The limit for the fracture propagation was found at 4 MPa cohesion and this value was 
selected to the exfoliation fracturing analyses. Other fracture mechanics parameters were 
calibrated next in the fracture sensitivity section, because they were considered as more 
important variables while modifying fracture behaviour, not the occurrence of fracture 
propagation. On the other hand, the relationships and influences of different variables are 
complex and various approaches could have been used to calibrate the limit for fracture 
propagation.  
4.3.4 Fracture sensitivity 
In fracture sensitivity analysis, the influences of fracture stiffness, mode II fracture tough-
ness and tensile strength of the rock mass were discovered. The modelled topography was 
selected to represent the simplified rock surface of the Långören island in order to exam-
ine the fracture behaviour in contrast to the exfoliation fracturing. 
 
First, the fracture stiffness was decided to be evaluated. As the initial parameters were 
based on the laboratory tests, these values were decided to be reduced stepwise. While 
the values were reduced up to 0.5 percent from the initial value, the relationship between 
the normal stiffness Kn and shear stiffness Ks was however, kept constant (Figure 32). 
   
Fracture cohesion 10 MPa Fracture cohesion 4 MPa
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Figure 32. The effects of different fracture stiffness values. Although the values were var-
ied in a wide range the relationship between the normal and shear stiffness was kept 
constant.   
 
The stiffness was observed to affect mainly to the fracture occurrence. While excessively 
low values blocked the fracture initiation in further depths, the original laboratory values 
Ks = 2000 GPa/m and Kn = 20,000 GPa/m (Siren 2011), which were processed as the 
highest possible scenario, also reduced the amount of fracture generation. As a result, the 
Ks = 80 GPa/m and Kn = 800 GPa/m were selected as the most appropriate values regard-
ing the exfoliation phenomenon. These values produced the best set of close spaced ten-
sile fractures and they were considered relevant for in situ scale modelling.  
 
Next, the mode II fracture toughness was varied. Mode I was disregarded in this analysis, 
because based on the laboratory measurements conducted with different size samples, the 
mode I fracture toughness stays constant while the mode II experience scale-dependency. 
Thus, the mode II fracture toughness increases with larger dimensions (Meier et al.  
2015). In the analysis, the mean values 3.30 MPa√𝑚 and 7.22 MPa√𝑚 (Meier et al.  
2015) of different size laboratory tests were employed together with one overestimated 
value of 11.22 MPa√𝑚 (Figure 33). 
 
Ks = 80 GPa/m
Kn = 800 GPa/m
Ks = 10 GPa/m
Kn = 100 GPa/m
Ks = 800 GPa/m
Kn = 8000 GPa/m
Ks = 2000 GPa/m
Kn = 20000 GPa/m
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Figure 33. The effect of the mode II fracture toughness, as mode II was determined scale 
dependent parameter. 
 
The performed examination indicates that mode II is especially important parameter be-
hind in situ scale modelling of surface parallel fracturing, because it seems to determine 
the type of the fracture propagation. In fact, the smaller values completely prevented the 
tensile fracturing in the model. On the other hand, values set overly high blocked all the 
fracture generation with the employed stress conditions. As a result, the mode II tough-
ness of 7.22 MPa√𝑚 was estimated as the best choice for the further modelling.  
 
The final explored parameter was the tensile strength of the rock mass. However, because 
the tensile strength was already reduced due to the overall strength reduction, a new ap-
proach was required to examine the effect of the tensile strength. As a result, the overall 
reduction was replaced with the corresponding reduction of rock mass cohesion. Now, 
the differences between the evaluated tensile stresses are presented in Figure 34.  
 
 
Figure 34. The effect of lower tensile strength in the fracture generation. 
 
Between the 2 MPa and 12 MPa strength values, no effect was observed due to the deg-
radation. However, the models with 1 MPa or smaller tensile strength values affected the 
fracturing considerably while these models experienced straight and almost lateral frac-
turing close to the surface. In 0.2 MPa tensile strength model, the fracture initiations oc-
curred also closer to each other and the generated fractures appeared smaller compared to 
the higher strength models. The result indicates that with greater tensile strength values 
the shear mode is the controlling type in the fracture initiation. Moreover, the growing 
KIC = 1.96 MPa
KIIC = 7.22 MPa
KIC = 1.96 MPa
KIIC = 3.30 MPa
KIC = 1.96 MPa
KIIC = 11.22 MPa
Tensile strength
σt = 1 MPa
Tensile strength
σt = 12 Mpa
Tensile strength
σt = 3 MPa
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fractures experience alternately shear and tensile deformations, which explains the undu-
lating shape of the fractures. On the other hand, while the tensile strength was assessed 
extensively low the mode I was the dominant in fracture initiation and propagation. 
 
As the tensile strength was already decreased due to the overall strength modification in 
the previous calibration, no further modification was decided to be made. In contrast, all 
the modified fracture parameters are now presented in Table 7 in the next section. 
4.4 Fracture mechanics parameters 
The initial fracture mechanics parameters were obtained from the previous FRACOD2D 
analyses performed for Olkiluoto pegmatitic granite (Siren 2011) and the majority of 
these values were based on the laboratory testing. In this study the parameters were cali-
brated to be applicable for in situ scale analyses. Thermal properties were obtained di-
rectly from the works of Kukkonen et al. (2011) and Åkesson (2012). The complete table 
of the employed variables is presented below. 
 
Table 7. Rock mechanics and fracture mechanics parameters for pegmatitic granite (after 
Siren 2011, p. 10) 
Material Parameter  Value 
Intact rock Young’s modulus E 55 GPa 
 Poisson’s ratio v 0.20 
UCS 𝜎𝑐  115 MPa 
Rock mass strength 𝜎𝑐𝑚 65.6 MPa 
Tensile strength 𝜎𝑡 12 MPa 
Cohesion c 12.9 MPa 
Friction angle 𝜑 47° (degrees) 
    
Fractures Fracture toughness I  KIC 1.96 MPa√𝑚 
 Fracture toughness II*  KIIC 7.22 MPa√𝑚  
Cohesion – tensile*  c 4 MPa 
Cohesion – shear*  c 4 MPa 
Friction angle – tensile  𝜑𝑡 35° (degrees) 
Friction angle – shear  𝜑𝑠 35° (degrees) 
Dilatation angle – tensile  𝜓𝑡 2.5° (degrees) 
Dilatation angle – shear 𝜓𝑠 2.5° (degrees) 
Normal stiffness – tensile* 𝑘𝑛 800 GPa/m 
Normal stiffness – shear* 𝑘𝑛 800 GPa/m 
Shear stiffness – tensile* 𝑘𝑠 80 GPa/m 
Shear stiffness – shear* 𝑘𝑠 80 GPa/m 
Initial aperture  10 ∗ 10−6 m 
Residual aperture  1 ∗ 10−6 m 
    
Thermal properties Coefficient of thermal expansion** 𝑏𝑡 9.0 x 10
-6 mm/mm°C 
 Thermal conductivity*** 𝑐𝑡 3.20 W m
-1K-1 
 Specific heat capacity*** 𝑐𝑝 689 J kg
-1 K-1 
*Modified value based on the calibration, **Åkesson 2012, ***Kukkonen et al. 2011 
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5 Examined models 
This chapter reveals three modelling cases executed to examine exfoliation fracture de-
velopment at Långören island. The boundary conditions, introduced in the previous chap-
ter, were employed differently in each case. Case I concentrates on determining the ef-
fects of the topography and high compressive stress conditions without considering any 
other agents behind the fracture development. Case II models were constructed to simu-
late fracturing in the pressure release conditions. Furthermore, case III models were pro-
cessed with thermal environment in order to generate thermal expansion induced fractur-
ing to the rock.  
5.1 Case I – Topography and high compression 
5.1.1 Modelling procedure 
The effect of topography under high compression was discovered by examining stress 
fields and fracture patterns generated in various topography conditions. First, the tensile 
stresses in each of the topography models were plotted while using the in situ compression 
of 15 MPa and not allowing any fracture initiation in the models. 
 
Next, the fracture initiation was allowed in the models and the stress levels required for 
the fracturing were determined. Finally, the fracturing results were evaluated in contrast 
to the observed stresses and shapes of the topography.  
5.1.2 Topography induced stress field 
As the two-dimensional fracture mechanics analysis is employed, the modelled topogra-
phy was dependent on the selection of the 2D-section. In this study, three different topog-
raphies were created to represent the simplified shape of the Långören island. The next 
topography shapes were modelled. 
 
 Topography 1; continuous convex surface,  
 topography 2; shallow convex surface with the flat part in the middle, 
 topography 3; steep convex surface with flat part in the middle and in the begin-
ning  
 topography 4; shallow convex surface with steep concave part in the middle. 
 
The topography 3 was estimated to represent the most realistic bedrock surface at Lån-
gören in the direction of the major principal stress component (see Figure 12). In contrast, 
the topographies 1 and 2 were created to in order to determine the influences of the surface 
discontinuity and steepness. Therefore, the topography 1 serves as an ideal convex surface 
and topography 2 as a more gently sloping interpretation compared to the topography 3. 
In addition, topography 4 was constructed to simulate Långören bedrock in the direction, 
which was estimated normal to the major principal stress component.  
 
All the models were produced using the FRACOD2D symmetry function, because fewer 
edges could be used and the rock mass volume could be doubled. After the 15 MPa com-
pression was applied to the side edge, the tensile stress distributions were obtained as 
shown in Figure 35.  
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Figure 35. The tensile stress concentrations in the topography models. From top to bot-
tom, the topography 1, topography 2, topography 3 and topography 4. In each of the 
topographies, the tensile stresses are highlighted and the magnitudes of stresses, in equal 
scale, are presented column on the right. 
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The topography 3 and 4 were examined to induce the largest tensile stresses. Thus, it 
seems that discontinuity and steepness of the convex topography shape is requisite for the 
more prominent tensile stresses, which in turn, could produce the appropriate conditions 
for surface parallel fracturing. While the real topography of the Långören island is cer-
tainly discontinuous at the area of the recorded exfoliation events, the generation of ten-
sile stresses is also presumable.  
5.1.3 Topography induced fracturing 
Next, the fracture initiation was allowed in each of the modelled topographies and the 
fracturing was observed at the stress limit, which was minimal for the fracture generation. 
The generated fracture patterns were discovered to alternate greatly, as the discontinuous 
convex surfaces allowed improved conditions for tensile fracture propagations. The frac-
ture initiation was restricted only close to the side boundaries while the depth of fracture 
initiation was not limited. 
 
The topography 1 prevented tensile fractures almost completely, as the sliding fractures 
generated close to the lowest point of the topographic surface. For the overall fracture 
initiation, the topography 1 required also the largest amount of horizontal compression, 
which was determined to 21 MPa (Figure 36). 
 
 
Figure 36. Fractures induced by the topography 1. The minimum required in situ com-
pression for fracture initiation was 21 MPa. 
 
The topography 2 experienced very similar fracture generation compared to the topogra-
phy 1. However, the amount of tensile fracturing increased close to the rock surface and 
these fractures were also approximately parallel to the topography. In addition, the in situ 
stress for the fracture initiation reduced to 20 MPa (Figure 37). 
 
Topography 1
Fracture initiation in 21 MPa in situ compression
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Figure 37. Fractures induced by the topography 2. The minimum required in situ com-
pression for fracture initiation was 20 MPa. 
 
In contrast to the previous models, the topography 3 induced mainly surface parallel frac-
turing and only a few sliding fractures generated to the rock mass. On the other hand, the 
total amount of fractures was apparently reduced. The required in situ compression was 
19 MPa in this case.  
 
 
Figure 38. Fractures induced by the topography 3. The minimum required in situ com-
pression for fracture initiation was 19 MPa. 
 
In the topography 4, all the tensile fractures generated below the steep convex part of the 
topographical surface and few sliding fractures originated below the more lateral part of 
the model. The most remarkable fracture originated about five meters below the bedrock 
surface. This fracture appeared as an evident exfoliation fracture while it was smoothly 
parallel to the topography having no corresponding roughness compared to the beneath 
fracturing. In the topography 4, also 18 MPa compression was required for the fracture 
initiation, which was the smallest amount of the applied in situ stress in the examined 
models. 
 
Topography 2
Fracture initiation in 20 MPa in situ compression
Topography 3
Fracture initiation in 19 MPa in situ compression
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Figure 39. Fractures induced by the topography 4. The minimum required in situ com-
pression for fracture initiation was 18 MPa. 
5.1.4 Results 
In the topography and high compression analysis, the tensile stress was determined as the 
controlling factor in the exfoliation development. The topography, which was the most 
efficient in producing tensile stress concentrations, was also the most capable of inducing 
exfoliation type of fracturing. Furthermore, the lowest in situ compression was required 
for the model with highest tensile stress concentration. Based on the simulations, it can 
be suggested that the undulating steep convex rock surface is the best alternative for the 
exfoliation development.  
 
As a result, the topography 3 and 4 seemed to be the most prominent regarding exfoliation 
fracturing, because they restricted shear deformation while apparent surface parallel frac-
turing was observed in these models. Moreover, the least amount of compressive in situ 
stress was needed for the fracture initiation.  
 
Although the exfoliation can be determined possible in surface parallel compression, the 
required near surface stresses for the fracture initiation were still slightly unrealistic. As 
the maximum possible near surface compression was previously in this thesis regarded 
as 15 MPa, even the lowest compression in the modelling exceeded this value by 3 MPa. 
Thus, additional factors are needed in order to produce exfoliation at lower in situ stresses. 
On the contrary, the case I did not produce fracturing below 20 meters and hence, proba-
bly even higher stresses would be needed for the development of deeper exfoliation.  
5.2 Case II – pressure release 
5.2.1 Modelling procedure 
The pressure release modelling was performed by examining different ways to remove 
overburden pressure in FRACOD2D. Because the software cannot consider viscoelastic-
ity, only the effects of the remaining stresses were examined. Thicker layer of rock was 
also used in order to better account deeper deformations. In all of these models, the hori-
zontal pressure, applied from the side edges, was kept constant during the vertical pres-
sure release. In addition, all of the models were processed with the same topography, 
which was selected to be the topography 3 from the case I modelling. The two phases of 
pressure release (Figure 27) were also modelled similarly in each of the models. 
 
Topography 4
Fracture initiation in 18 MPa in situ compression
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Three different types of pressure release were considered. They were referred as symmet-
rical pressure release, surface normal pressure release and stepwise pressure release. In 
the symmetrical pressure release, all of the overburden pressure components were re-
moved evenly. In the surface normal pressure release, the vertical pressure components 
were reduced evenly, but the surface parallel components, induced by the inclined edges, 
were kept unchanged through the modelling (Figure 40). Thus, in this pressure release 
model, the compression at the surface was the highest. In the stepwise pressure release, 
the pressure components were removed stepwise by reducing the overburden stress from 
one boundary at a time as each boundary has its own stress function. This model was 
created to simulate a moving glacier. 
 
 
 
Figure 40. The surface normal pressure release modelling with the remaining surface 
parallel stress components. If the inclination of the surface is higher the surface parallel 
component is also higher. 
5.2.2 Symmetrical pressure release 
The symmetrical pressure release was performed by examining the fracturing in two dif-
ferent models. The difference in the models was the horizontal compression, which in the 
first model was 22 MPa similar to the vertical loading and in the second model 37 MPa.  
 
In both of these models, no fracturing was observed to occur during the pressure release 
and the first fractures initiated after the full removal of the ice cover pressure. Therefore, 
the fracture patterns were induced only by the compression applied from the side edges 
of the model. In the model with 22 MPa horizontal pressure, only two surface parallel 
fractures were detected (Figure 43). However, the amount of fractures would have prob-
ably increased if more calculation cycles would have processed. In addition, while using 
the same number of calculation cycles, the total amount of fracturing was increased in the 
model with 37 MPa horizontal compression.  
  
 
 
Overburden pressure
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Figure 41. The fractures induced in the model with symmetrical pressure release alt-
hough these fractures resulted only from the compression of 22 MPa after the full pres-
sure release. The monitoring line for stress behaviour examination (Figure 43) is also 
illustrated. 
 
 
 
Figure 42. The fractures induced in the model with symmetrical pressure release. These 
fractures resulted only from the compression of 37 MPa after the full pressure release. 
 
Stress behaviours in contrast to depth were found to have a sufficiently similar orientation 
after and during each phase of the pressure release with 22 MPa horizontal stress (Figure 
43). This indicated that no significant variation occurs in the stress-field. 
Horizontal compression 22 MPa
Monitoring line
Horizontal compression 37 MPa
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Figure 43. The stress behaviour from the monitoring line of the symmetrical pressure 
release model with 22 MPa horizontal compression. These figures indicate that no sig-
nificant variation in stress fields occurred while the orientations of the stress components 
were nearly parallel.   
5.2.3 Surface normal pressure release 
In contrast to the previous pressure release modelling, the surface normal pressure release 
was executed by removing only the stress components, which were normal to the surface 
boundary. Therefore, at the inclined surface, the stress components parallel to the surface 
were left constant through the modelling (Figure 40).  
 
The acquired fracturing was mainly parallel to the topography and the fluctuation in the 
fractures was sufficiently decreased compared to the previous models. Moreover, the ob-
served fractures were closer to the rock surface (Figure 44) and the fracture initiation 
began after the first rebound phase. 
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Figure 44. The fractures induced by the remaining surface stress in the uneven pressure 
release modelling. 
 
Generally, the surface normal pressure release modelling demonstrates that compression, 
applied from the free surface, is probably one of the key factors behind rock exfoliation. 
On the other hand, the real behaviour of the glacial stresses at the inclined surface is not 
discovered further in the thesis and hence, the surface normal pressure release can be only 
regarded as one possibility for post-glacial fracturing environment. 
5.2.4 Stepwise pressure release 
In addition to the surface normal pressure release, the stepwise pressure release represents 
also one post glacial stress removal scenario. In this scenario, the pressure release occurs 
along the moving glacier. As a result, all the stress components were reduced stepwise to 
zero as each boundary pressure was released separately processing only one calculation 
cycle per edge (Figure 45).  
 
 
Figure 45. Fracturing induced by the stepwise pressure release. The direction of pressure 
removal is presented with arrow. 
 
Pressure release direction
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While the pressure was released starting from the right, surface parallel fracturing was 
observed. These fractures were however, rather serrated because after the first pressure 
removal phase, only elastic fractures were initiated and the tensile conditions were 
achieved in the final removal. On the other hand, smoother fracturing could have been 
achieved if more calculation cycles would have been used during each boundary pressure 
removal.  
5.2.5 Results 
According to the stress behaviour in the first pressure release model, the symmetrical 
removal of the glacial overburden in FRACOD2D did not produce convenient alteration 
in the stress orientation behaviour while the fractures generated only due to the high com-
pression after the complete removal of the loading. In this case, the higher in situ com-
pression was however, more capable of inducing more fracturing, which appeared also 
closer to the rock surface. 
 
On the other hand, the surface normal pressure release generated continuous surface par-
allel exfoliation. This indicates, that surface parallel compression, applied from the sur-
face itself might be, in addition to naturally high in situ stresses, important factor behind 
exfoliation near the bedrock surface. In the pressure release FRACOD2D modelling by 
Lanaro et al. (2007), the fracturing was observed also in greater depths, even below 200 
meters. However, this results probably from the employment of very high stress states as 
pressure release due erosion was discovered. 
 
The stepwise pressure release produced fracturing close to the surface, but these fractures 
were profoundly rough, which on the other hand, probably originates from the low num-
ber of the calculation cycles that were processed.  
5.3 Case III – thermal expansion 
5.3.1 Modelling procedure 
The effect of the thermal expansion was modelled in two phases. In the first phase, the 
long-term thermal modelling was executed by employing the average temperatures of the 
past 10 weeks before the exfoliation event. As mentioned earlier this temperature was 
increased by 5 ⁰C to overcome the difference between the average temperatures of the 
rock surface and the surrounding air. No fracturing was allowed in these models while 
only the stress behaviour was observed in order to examine the increase in the stress field. 
In the second phase, the short-term thermal modelling was conducted by employing the 
daily variations of the rock temperature. In addition to the long-term modelling, the stress 
behaviour was also studied and plotted in contrast to the previous results.  
 
In the short term modelling, the boundary stress was determined in order to avoid frac-
turing prior to the thermal expansion. In two of the short-term thermal expansion models, 
the boundary stress was set differently. First, the boundary stress was estimated as close 
as possible to the fracture initiation level. Thus, the fracturing began instantly after the 
thermal stress was applied. This procedure allowed the longer observation of the ther-
mally induced fracture generations.  
 
Next, the boundary stress was assessed in order to avoid fracturing before the thermal 
time step, which corresponds to the actual date of the exfoliation event. In other words, 
the fracturing was allowed at the time step 13 corresponding to 27th July 2014 (Table 6).  
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Moreover, the reality of the required boundary stress in short-term modelling was evalu-
ated in contrast to the long-term thermal stresses.  
 
In all of the models, the stress behaviour was measured from the same monitoring line, 
which was input to the location of the most possible fracture initiation (Figure 46). The 
length of the monitoring line was 15 meters and it was enhanced with a 1-meter-deep 
accurate monitoring part at the rock surface.  
 
           
Figure 46. The location of the stress and temperature monitoring in the thermal expan-
sion modelling. 
 
All the models were processed with temperature boundaries with equal positions. In ad-
dition, the seawater temperature was applied to the straight boundary next to the side 
edges of the model and the rest of the topography was set as rock temperature boundary 
(Figure 47).   
 
 
Figure 47. The temperature boundaries in the thermal expansion models. 
15 m
Rock temperature
Water
temperature
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5.3.2 Long-term modelling 
In the long-term thermal expansion modelling, first, the long-term (10 week) thermal 
stress and in situ compression of 15 MPa were plotted in contrast to each other to describe 
the difference between the major principal stress component and the temperature induced 
additional compression (Figure 48). The introduced thermal expansion represents stress 
field at the end of the modelled thermal cycle in other words, at the end of the 10-week 
long thermal heating.   
 
 
Figure 48. The additional horizontal thermal stress in contrast to the modelled stress 
behaviour with no thermal effects. 
 
As seen from the figure, the long-term thermal expansion affects approximately four me-
ters below the bedrock surface with nearly linearly decreasing compressive influence. In 
the surface, the additional increase in the stress was about 6.5 MPa while one meter deeper 
the same effect was 4 MPa and two meters from the surface 2.5 MPa. Thus, the average 
additional compression until four meters from the surface was 3.4 MPa. 
 
In addition to the horizontal compression, the long-term thermal expansion affected to 
the vertical stress component (Figure 49). This influence was observed to extend deeper 
compared to the horizontal compression. The thermal expansion increased the tensile 
stress in the location of the monitoring line by approximately 0.15 MPa. However, until 
2 meters from the surface, the change in the vertical stress component was minimal.  
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Figure 49. The vertical thermal stress in contrast to the modelled stress behaviour with 
no thermal effects. 
 
In contrast to the rock stresses at the end of the long-term calculation, the additional tem-
perature increase in rock is presented in the following figure. As can be noticed, while 
increasing temperatures were observed 20 meters below the surface, these additional tem-
peratures were too low to induce additional compression below 4 meters. 
 
 
Figure 50. The range of the rock temperature increase in the long-term thermal model-
ling. The red color is the additional temperature, while the grey area represents the initial 
unchanged rock temperature. 
5.3.3 Short-term modelling 
The short-term thermal expansion was modelled using the daily temperature variations. 
First, similarly to the long-term modelling, the influence of the temperature on the stress 
field was discovered in shallow depths (Figure 51). Again, the presented situation corre-
sponds to the end of the thermal calculation while the applied boundary stress was 15 
MPa. In this case, only the horizontal stress component is introduced, because no signif-
icant variation was observed in the vertical stress component while modelling short-term 
thermal expansion. 
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Figure 51. The modelled temperature profiles one meter from the surface. As can be seen, 
the short-term thermal expansion has a remarkable compression increasing effect very 
close to the surface.  
 
As can be seen from the figure above, the short-term thermal expansion affected to the 
horizontal compression greatly very close to the surface, but below 0.4 meters the effect 
was overcome by the long-term heating. While the temperature profiles were examined, 
it was also noticed that temperature behaviour was almost directly in agreement with 
stress behaviour.  
 
Including the in situ monitored temperature diagram, the temperature profiles are pre-
sented in Figure 52. The real temperature diagram is well aligned with the modelled tem-
perature profile if the effect of existing fractures is ignored. The monitored diagram rep-
resents only the behaviour of the measured temperature, because during the monitoring 
period not as high temperatures were obtained as the modelled temperatures from 2014.   
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Figure 52. Modelled long-term and short-term temperature profiles in contrast to the in 
situ monitored temperature profile, where the effect of the existing fractures is apparent. 
It should be noticed that the initial surface temperatures are not the same. 
 
In order to obtain information of the fracture pattern evolution under thermal stress, the 
fracture initiation was allowed and the boundary stress was determined as close to the 
fracture initiation as possible while using no thermal functions. This boundary stress was 
18.93 MPa and the fractures started to generate at the second thermal time step. The frac-
ture evolution is presented in the following figures. 
 
 
Figure 53. Fracture evolution under thermal loading and in situ compression of 18.93 
MPa. The fracturing started at the second thermal time step. 
 
The first fractures initiated about 8 meters from the surface and the fracture generation 
continued only below this first fracture. The deeper fractures propagated also slower com-
pared to the fracture closest to the surface. 
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If accounting the additional temperature increase in the figures (Figure 54), it can be de-
tected that the fractures begin to generate deeper compared to the area of the increasing 
temperatures.   
 
 
Figure 54. The range of the rock temperature increase in the short-term thermal model-
ling. The red color is the additional temperature, while the grey area represents the initial 
unchanged rock temperature. 
 
In the following model, the in situ boundary stress was decreased in order to prevent 
fracturing before the 13th time step corresponding to the realistic fracture initiation at the 
date 27th July 2014. The modified in situ stress was now estimated to 18.58 MPa. Together 
with short-term thermal influence, the following fracturing was obtained. 
 
 
Figure 55. The fracture evolution under thermal loading and in situ compression of 18.58 
MPa. The fracturing started at the 12th thermal time step. 
 
In the model, the fracture initiations occurred also one below another order and the closest 
fracture appeared about 8 meters from the surface. At the end of the final time step four 
fractures were initiated one below another. 
5.3.4 Results 
The thermal expansion induced exfoliation was modelled by investigating the long-term 
and short-term thermal stresses and thermally triggered fracturing. The long-term thermal 
expansion was discovered to have a horizontal compression increasing influence up to 4 
meters from the surface while the short-term thermal expansion affected only 0.4 meters 
from the surface. On the other hand, while regarding the vertical stress component, the 
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long-term heating induced additional tensile stresses deeper than 15 meters from the sur-
face. Conversely, the short-term thermal environment did not affect to the vertical 
stresses. Thus, the long-term thermal expansion seems to be more prominent factor when 
the thermally induced exfoliation is considered, because it can increase the stress state 
very close to the fracture initiation limit also in further depths. 
 
In the thermal expansion modelling, the first observed fractures originated approximately 
8 meters below the bedrock surface, which does not correspond to the reality as all of the 
GPR monitored fractures (Figure 14) were located closer than two meters from the sur-
face. This probably results from the accuracy of the processed models and the simplifica-
tion of the topography.  
 
In reality, the existing fractures would possibly prevent proper thermal conduction 
through them, which can be seen from the monitored temperature line in Figure 18 and 
Figure 52. Thus, the real fracture evolution could be reverse in contrast to the modelling 
where fractures initiated one below another. If the existing fractures prevent the thermal 
conduction at a certain depth, this would induce more thermal stress and higher tempera-
tures at the area above the fractures. 
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6 Discussion 
Previously, the three modelling cases were introduced, each of them investigating Lån-
gören exfoliation phenomenon based on a different exfoliation fracturing theory. The case 
I examined the effects of various topography conditions under high compressive stress 
state. The case II focused on the residual stresses during the post-glacial pressure release, 
and the case III investigated the influence of thermal expansion at the rock surface. 
6.1 Topography and in situ stresses 
In all of the cases, the results indicated that high compression and tensile stress producing 
topography are the essential requirements for the exfoliation. On the other hand, thermal 
or post-glacial conditions can increase the compressive stress state in rock thus, causing 
the fracture initiation.  
 
The influence of the topography was discovered essential, as the continuous and shallow 
topographies with lesser tensile stress concentrations were unable to produce prominent 
surface parallel fracturing. These topographies also required higher stresses for the overall 
fracture initiation. The observed tensile stresses were the most appropriate if the convex 
surface was discontinuous having an undulating shape. Furthermore, steeper height alter-
ations in the convex topography increased the tensile stresses. 
 
While 2D modelling approach was employed, the 3D topography in contrast to the real 
stress field orientation could not be used in the work although 3D conditions might affect 
greatly to the obtained fracturing. The constructed 2D topographies were also rough ap-
proximations of the possible bedrock sections and the undersea conditions remained com-
pletely elusive. Nevertheless, while the real topography of the Långören island is consid-
ered, the location of the monitored exfoliation fractures is appropriate in contrast to the 
modelling as the shape of the sloping surface is distinctly varying at the area. 
 
The in situ compression that was required for the fracture initiation was still rather high 
in all of the models in contrast to the measured maximum near-surface values in Southern 
Finland (Mononen 2005). However, in the post-glacial pressure release, the high residual 
stresses are realistic if the analysis is performed regarding the situation relatively close 
the ice-cover removal. Since currently the effect of the post-glacial stresses is estimated 
only to a few mega pascals, the post-glacial stresses are not liable factors in the exfoliation 
occurred in 2014. On the other hand, pressure release might have induced post-glacial 
fracturing that currently affects to the thermal conduction in the rock hence assisting in 
the present day fracture generations.  
 
In addition to the fractures formed by the post-glacial stresses, subcritical crack growth, 
which was not modelled in this study, might propagate fractures slowly in the rock mass 
while the critical limit for the rapid fracture propagation has not been exceeded. Because 
all of the models were processed with an intact rock mass with no pre-existing disconti-
nuities, the influence of the pre-input fractures remains to be discovered in the becoming 
exfoliation studies. 
 
The surface normal pressure release with remaining surface parallel stress components 
was capable of producing the best set of evident exfoliation fractures. It is not however 
clear, if this type of residual stress behaviour would be realistic after the removal of the 
glacial loading. In this context, the existence of the surface parallel glacial stress compo-
nents remains also to be discovered in the further analyses.  
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6.2 Thermal environment 
In the case III, the short-term (daily) thermal expansion induced very high compressive 
stresses close to the bedrock surface where the temperature boundary was input. How-
ever, this compression was observed to decrease rapidly during the first half a meter 
depth, which corresponded also to the in situ measured temperature behaviour. On the 
other hand, the long-term (weekly) thermal expansion produced considerable compres-
sion apparently below the depth of 2 meters and furthermore, the vertical stress compo-
nent experienced additional tensile conditions even below 15 meters. All the GPR meas-
ured fractures at the island were located only a few meters or less from the rock surface, 
which signifies that these fractures were in the range of long-term thermal expansion.      
 
On the other hand, while the models suggest that fractures generate in one-below-another-
order, the real fracture evolution at the Långören island is not known. The recorded frac-
turing in 2014 occurred apparently very close to the surface, but it is not certain if the 
fractures below initiated later or before the observed phenomenon. Hence, if only the 
nearest fractures generated at the time of the observation, the event could have been in-
duced almost purely by the short-term thermal impact. 
 
In this context, the influence between short-term and long-term thermal effects can be 
debated. While the short-term thermal expansion could induce fracturing very close to 
the surface due to sudden thermal impact, the long-term thermal expansion would reach 
the limit for fracture initiation along longer time. Thus, short-term thermal expansion 
could by itself generate fractures only above half a meter from the surface. In long-term 
thermal expansion, the sudden temperature variations are not important, but the high av-
erage temperature in contrast to the longer timespan is essential. The long-term thermal 
expansion can also induce fracturing in further depths, at least few meters from the sur-
face, due to the slow thermal conduction of rock. 
 
In reality, the observed exfoliation at Långören has probably been a combined result of 
the long-term and short-term thermal expansion. In the short-term thermal expansion 
modelling, approximately 18.5 MPa in situ stress was required, which was relatively close 
to the fracture initiation even without thermal expansion. Therefore, the long-term ther-
mal stress has potentially been needed in order to adjust the stress state this close to the 
level of fracture initiation. 
 
The first fractures in the short-term thermal modelling generated at the depth that was 
about 8 meters from the rock surface and the further fracturing occurred even deeper. 
Moreover, the increase in the rock temperature extended only close to the 8 meters depth 
while the additional temperatures at this area were extremely small. This indicates that 
the fractures may not necessarily generate at the areas of the largest thermal stresses, but 
the combined influence of the in situ stress and the thermal expansion is probably more 
crucial. 
 
On the other hand, based on the topography induced stress fields, the tensile stresses 
seemed to control the location of exfoliation development. Hence, as the long-term ther-
mal expansion was capable of increasing tensile stresses even below 15 meters depth, it 
can be regarded as more prominent factor for exfoliation fracturing compared to the short-
term heating. None of the fractures initiated however, in tensile fracturing mode while 
the first fracture element appeared always in mode II. 
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6.3 Uncertainties and further remarks 
The simulated fracturing did not appear as close to the surface in any of the modelling 
cases as the in situ observed fractures. This results perhaps from the inaccuracy of the 
FRACOD2D models and the uncertainty of the realistic topography and stress conditions. 
It would have been possible to make models more accurate, as the employed grid point 
spacing was two meters, but the problem with the increasing accuracy would have been 
that it would have required recalibration of the modelling parameters and the calculation 
speed would have been decreased. Thus, fewer models could have been analysed. More-
over, the stress behaviour is hard to set realistic in case of the smaller scale modelling. 
 
In addition to the topography conditions, some uncertainty exists in the modelled rock 
temperatures, because the monitoring results, which were used in the temperature estima-
tion, were achieved in 2016 when the temperatures were certainly lower than the temper-
atures during the exfoliation in 2014. In addition, applied seawater temperatures repre-
sented the surface water temperatures while in reality, the deep water temperatures can 
be expected much colder. Moreover, the exact effect of the solar radiation on the rock 
temperatures could not be determined as the complete weather data from the in situ mon-
itoring system was not available at the time this thesis was written.  
 
In further in situ scale FRACOD2D analyses, the setting of the correct rock and fracture 
mechanics parameters, as was discovered in this study, will be essential. Especially the 
scale-dependency of the mode II fracture toughness should be assessed, because the la-
boratory results (Meier et al. 2015) of 50 mm diameter samples prevented the tensile 
fracturing almost completely, while the results of 120 mm diameter samples produced 
almost opposite results. The rock mass strength and fracture cohesion are also vital to be 
set correctly, because they were determined as the most influencing factors regarding the 
stress limits for the fracture initiation and propagation.  
 
In the future exfoliation modelling, the viscoelasticity and the direction dependent rock 
mass strength are also factors which should be considered, because the viscoelasticity 
might explain deeper exfoliation, according to the pressure release theory, and the folia-
tion direction of the rock could assist surface parallel fracturing with smaller stresses. The 
effect of pre-existing fractures should be also considered in the thermal models.   
 
Although the purpose of this thesis was not to discover the global origin of rock exfolia-
tion, it seems that a topography, capable of inducing high tensile stresses, is the essential 
requirement for the surface parallel fracturing. Furthermore, the high stress levels for the 
exfoliation fracture generation can be achieved for example due to the thermal stresses, 
which can induce thermal expansion and additional stresses even up to 8 meters depth 
and increase the compressive stress directly at the bedrock surface extremely high. 
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7 Conclusions 
The aim of this thesis was to explain the cause of the Långören exfoliation events in 2014. 
In this context, the fracture mechanics approach FRACOD2D was employed in order to 
simulate the recorded fracturing. The validation of FRACOD2D was justified, because the 
code was proved suitable in the previous exfoliation fracturing analyses and the majority 
of the prominent exfoliation theories were appropriate for the software. 
 
As the thermal environment was considered important for the modelling, the thermal 
boundary conditions were obtained based on the historical weather data and the in situ 
monitoring at the Långören island. Moreover, the local stress field was estimated accord-
ing to the highest near surface stresses measured in Southern Finland. The employed rock 
mechanics parameters were achieved from the laboratory tests of Olkiluoto pegmatitic 
granite, which was regarded sufficiently similar to Långören rock type, because at the 
time of the study, there did not exist rock mechanics data directly from the island.  
 
The three modelling cases were conducted in order to simulate exfoliation fracturing 
based on the different exfoliation theories. These cases were the topography in high com-
pression, the pressure release and the thermal expansion. The case I examined the influ-
ence of various topography conditions in high in situ stresses. The case II focused on the 
different ways to remove the glacial pressure and the case III determined the effects of 
the long-term and short-term thermal expansion. 
 
As a result, the topography, capable of producing tensile stress concentrations was dis-
covered essential requirement for the exfoliation fracturing. In these topography condi-
tions, all the modelling cases were capable of producing exfoliation if the in situ stress 
was set high. In the employed conditions, this compression was 19 MPa. However, while 
the solely very high in situ stress seemed slightly unrealistic close to the bedrock surface 
and the post-glacial pressure release could not convincingly be included in the present 
day fracturing, the thermal expansion was considered as the most prominent source of the 
Långören exfoliation events. 
 
While the long-term and the short-term thermal expansion models were analysed, it was 
discovered that the short-term thermal impact affects only above half a meter from the 
surface. In contrast, the long-term thermal expansion induced additional compression up 
to 4 meters depth and additional tensile stress at least up to 15 meters depth. This corre-
sponds also to the deeper exfoliation fractures observed at Långören. On the other hand, 
it is not clear if the deeper exfoliation fractures generated at the time of the recorded near 
surface phenomenon or if they existed before the observed fracturing. In case of pre-
existence, they might have been induced by the post-glacial stresses or previous thermal 
expansion. 
 
As a final conclusion, certain topography, capable of producing tensile stress concentra-
tions, and the high compressive stress state are regarded as the definite reasons for the 
Långören exfoliation events in 2014. In addition, the critical level for the compressive 
stress was achieved due to the thermal stresses, which were anomalously high before the 
observed phenomenon.  
 
The results of this thesis can be used in the future exfoliation studies. As the tentative 
topography and stress requirements were presented, the production of more accurate anal-
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yses would be now possible. However, while regarding exfoliation at Långören, the ac-
curate analyses would require the accurate rock mechanics and fracture mechanics pa-
rameters from the island. The in situ stress state should be also measured and evaluated 
in contrast to the 3D topography.  
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Appendix 5. FRACOD2D code for thermal expansion 
TITLE 
Thermal expansion 
 
SYMMETRY -- Model symmetry 
1 100 0 
 
TOUK -- Rock mass -- Kic and Kiic, mat 
1.96e6 7.22e6 1 
 
MODULUS -- Poisson's Ratio and Young's modulus 
0.20 55e+9 1 
 
PROPERIES -- Old joints -- jmat, ks. kn,phi,coh, dila, initial aperture, residual Aperture 
01 80E+9 800E+9 35.0 4E+6 2.5 10e-6 1e-6 
 
PROPERIES --- Tensile fractures -- jmat, ks. kn,phi,coh, dila, initial aperture, residual aperture 
11 80E+9 800E+9 35.0 4E+6 2.5 10e-6 1e-6 
 
PROPERIES --- Shear fractures -- jmat, ks. kn,phi,coh, dila, initial aperture, residual aperture 
12 80E+9 800E+9 35.0 4E+6 2.5 10e-6 1e-6 
 
STRESSES -- sxx,syy,sxy 
-0e+06 0e+06 0 
 
GRAVITY -- dens_rock,gy,sh_sv_ratio,y_surf 
2650,-10,0.33,18 
 
ROCK - rphi rcoh rst mat 
47 12.9e+6 12e+6 1 
 
SWINDOW -- xll,xur,yll,yur,numx,numy 
0 200 -40 40 100 40 
 
IWINDOW 
25 175 -30 30 
 
RANDOM fracture initiation - f_ini0,l_rand (initiation level, random or not) 
0.40 0 
 
SETF -- 1 ONLY ~ONE FRACTURE INITIATES ONCE 
1.0 
 
SETE -- If factor_e=0.0, all elastic fracture tips will be checked; (default factor_e=0.5) 
0.5 
 
SETT -- fracture tip is too close to the existing element. If so, they are either ignored, or merged to the 
existing elements. (default tolerance=1.0) 
1.0 
 
ISIZE 
2.0 
 
 
**** THERMAL BOUNDARY CONDITION 
  
 
TTIME -- 0 days -- 
561600 0 13 
 
THERMAL -- Rock mass -- bt=thermal expansion factor,k=ct=thermal conductivity,density,cp=specific 
heat capacity,temp0,material 
9.00e-6 3.20 2650 689 20 1 
 
TBOU ! xt1,xt2,yt1,yt2,kode_t,value_t 
25 100 -39 20 1 
0 0 43 
1 43200 -8 
2 86400 90.2 
3 129600 -59.4 
4 172800 147.2 
5 216000 -107.8 
6 259200 197.2 
7 302400 -161.8 
8 345600 251.4 
9 388800 -215 
10 432000 303 
11 475200 -264.8 
12 518400 353.8 
13 561600 -313.4 
 
TBOU ! xt1,xt2,yt1,yt2,kode_t,value_t 
1 25 -39 20 1 
0 0 20 
1 43200 20 
2 86400 20 
3 129600 20 
4 172800 20 
5 216000 20 
6 259200 20 
7 302400 20 
8 345600 20 
9 388800 20 
10 432000 20 
11 475200 20 
12 518400 20 
13 561600 20  
 
TFRA ! xt1,xt2,yt1,yt2,kode_t,value_t 
0 200 -40 20 3 
0 0 0 
1 43200 0 
2 86400 0 
3 129600 0 
4 172800 0 
5 216000 0 
6 259200 0 
7 302400 0 
8 345600 0 
9 388800 0 
10 432000 0 
11 475200 0 
12 518400 0 
13 561600 0 
  
 
*** MONITORNG LINES 
 
MONL 
47.5 12.98 47.5 11.98 10 
 
MONL 
47.5 12.98 47.5 -2.98 15 
 
**** GEOMETRY 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 70 17.5 75 18  1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 65 17 70 17.5 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 60 16 65 17 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 55 14 60 16 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 50 13 55 14 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 45 13 50 13 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 40 11 45 13 1 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 35 8 40 11 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 30 6 35 8 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
4 25 5 30 6 1 0 0e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
33 0 -40 0 5 1 0 -18.53e6 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
19 75 18 100 18 1 0e6 0 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
19 0 5 25 5 1 0e6 0 1 
 
EDGE - num,xbeg,ybeg,xend,yend,kode,bvs,bvn,mat,gradsy,gradny  
75 100 -40 0 -40 4 0e6 0 1 
 
CYCL 1 
 
***INITIATION 
 
INTERNAL FRAC INITATION 
  
 
***THERMAL TIME STEPS 
 
TTIME -- 21.07.2014 
561600 1 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 22.07.2014 
561600 2 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 22.07.2014 
561600 3 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 23.07.2014 
561600 4 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 23.07.2014 
561600 5 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 24.07.2014 
561600 6 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 24.07.2014 
561600 7 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 25.07.2014 
561600 8 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 25.07.2014 
561600 9 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 26.07.2014 
561600 10 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 26.07.2014 
561600 11 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 27.07.2014 
561600 12 13 
CYCL 2 -- 2 cycle -- 
 
TTIME -- 27.07.2014 
561600 13 13 
CYCL 2 -- 2 cycle – 
 
endfile 
 
